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ABSTRACT

The overall goal of the program 18 the developmen! «t an instrum nt fur
determining the stress-strain response of cozted fabrics .-+ d in the «onstruc-
tion of air-supported tents.

During Phase I of the program a survey of the sciertific litcrature on
biax:al tensile testers was carried out. The purpose of the survey was to
examine the design features and operating techniques of pre.iously constructed
testers and to note design innovations and shortcomings.

A theoretical analysis of the load-extersion behajur uf 1dealiced plain-
weave fabrics subjected to liaxial stresses is presented. Fabric strains re-
sulting from both crimp interchange and yarn extension are consjdered. The
analytical expressions derived have been solved with the aid of a digital com.~
puter for both linearly elastic and eiasto-plastic materials. Time erfects,
although not explicitly included, are discussed.

Ceneralized plots of the results are given for the two eatremes of init.al
fabric structure: (1) equal crimp distribution in both sets of yarns, (2) one
set of yarns straight (noncrimped). The predicted and measured response of
two mode!l fabrics are compared.

Two typical coated fabrics representing approximately rhe extremes in
fabric weight and strength currently of interest for air-supported tent appli-
cations were evaluated.

The design of an improved biaxial tensile tester 1s outlined. The pro-
posed design concept utilizes the res s of the literature sur ey, model
fabric study and coated fabric evaluation.




BIAXIAL TENSILE TESTER FOR FABRICS
I. INTRODUCTION

A survey of the scientific literature waich describes previous work with
biaxial tensile testers has been completed. The purpose of the survey was to
examine the design features and operating techniques of previously constructed
biaxial tensile testers and to note desirable design innovations and obvious
shortcomings. This information has contributed to the development f an im-
proved teating-machine design concept which is ideally suited for the proposed
work of examining the biaxial stress-strain behavior of fabrics used i1n con-
struction of air-supported tent structures.

II. TEST-INSTRUMENT DESIGN CRITERIA

Performance requirements of the machine are listed in the schedule of
the contract, and are reviewed here for reference:

A. General Requiremeants

1. Prime consideration shall be given to providing a reliable,
rugged tester of mini-num weight and size that can be quickly
and simply installed, operated, and maintained under indoor
textile and/or film laboratory conditions.

2. The following hurnan engineering factors shatl be integrated
into the device.

a. Safety in operation and maintenance
b. Simplicity of maintenance
3. Environmental operating conditioas

Range 68° - 78°F db (dry bulb)
56° - 68°Fwb (wet bulb)

Prime consideration is to be given for operation at

7u°*F - db
62°F - wb

4. The instrument shali be constructed to minimize maintenance and
simplify necessary maintenance by the application of the following
principles.

a. Provide ready access to controls, lubrication fittings,
adjustment controls, major components, and high-mor-
tality parts. Use permanently lubricated bearings
wherever feasible.




b. Use materials, finishes and fabrication technigues that
minimize deterioration, lubrication, adjustments and
pai.ating

5. Electrical components shall be shielded and bonded to prevent
radio interterence, and comply with test provisions of Specifi-
cation MIL-1-11748.

6. The coatractor shall promptly inform the Contracting Otticer of
any modifications which may expenite fabrication, :ffect econo-

mies or improve capabilities.

B. Detailed Requirements

1. The machine shall be capable of applying loads on a fabric in two
orthogonal directions simultaneously.

2. The test specimen si1ze shall be appropriate for ar accurate eval-
uation of the biaxial load-elongation characteristics of woven
fabrics or films at low loads as well as at rupture.

3. The instrument shall have a load range of 10 lbs/inch to 800 1os,
inch.

4. Loading may be accompiished by the use of multiple loading
devices.

5. The instrument shall be capable of measuring extensions up to
50%.

6. The ratio of the loads applied to the test specimen 1n the ortho-
gonal directions shall be adjustable. Load ratios of 1 1 and ! 2
are essential. Howcver, an effort should be made to obtain load
ratios greater than 1:2.

7. The instrument should be capable of attaining the followirg accu-
racy for load and extension measurements-

2.5% of full scale
0.25% of gauge length

I.oad application
Extension

I+ |+

8. The instrument shal! be equipped with automatic record.ng devices
which will record load-elongation data in two directions

Detailed Requirements 1, 5 and 6 demand a flat test specimen, strained by
the relative motions of two sets of jaws. Thaev also rule out b:axial testing
schemes based on inf'ated cylinder or inflated diaphragm-shaped specime -s.




Flat, orthogonally loaded, biarial tensile specimens can provide uniform
force fields only at the specimern center, with near:y uniaxial forces acting in
the areas adjacert to the javws, and with stress concentrations localized in the
corners generated by the two orthogonal jaw motions. Although this latter
effect cannot be entirely overcome, it can be minimized by using cruciform
test specimens, with the gripping jaws clamped to fabric tails extending away
from the square biaxial stress field at the center of the specimen.

Klein! has proposed three conditions for biaxial tensile testing of fabric
specimens. These are:

1. Straining must be such that a controlled biaxially strained
region exists at the specimen center.

2. Strains must be m=asured in thie region.

3. The ratio of the loads in the X and Y directicns m "3t be
held constant at some preretermined value during a test.

This is the characterizing parameter of the test

The relationships between stress and strain are, of course, properties of
the particular specimen undergoing test. In a uniaxial tester either load or
extension can be varied, usually at a constant rate, and the resulting change 1n
the other variable measured. A biaxial tester must be capable of doing thys ir
two directions simultaneously, with the added condition that the loads in the two
directions must bear a fixed ratio to one another.

This Jatter consideration complicates any design using a motor and gear
train jaw-drive system, because even with a constant rate of jaw motion in one
direction, the complimentary jaw m>tion can be very complex, depending on
the test specimen properties. It is much simpler to use a force-balance princi-
pal, and directly maintain the X and Y load ratio by 2 lcading scheme which pro-
grams load level rather than jaw displacements. This suggests pneumatic cyl-
inder load applicators with which output forces are always proportional to
cylinder pressure and system displacements are dependent variables whose
magnitudes are functions of 1oad level and specimen propec-ties.

Detailed Requirement 6 can be met with a ratic pressure control relay.
This will allow the selection and pre-setting of a fixed ratic between the X-
direction and Y-direction pressure levels. The test procedure will entail
manually controlling excursion in the X direction from zero tc full load; the
pressurz le sel in tha Y directi-a will follow at the constant pre-set fraction of
the instantaneous value in the X direction.




Fach pair of opposing jawe must move equaliy and oppositely, to prevent
inadvertent skewing of the specimen. These mutions can he convenientiy b=
tained in a symmetrical machine design which employs four penumatic ~ylin-
ders, one at each end of the specimen tails. Opposite pairs of cyiinders are
linked hydraulically to insure equal jaw motions. (See Figure 1.)

Detailed Requirement 3 requires load ranges from 10 to 800 los/inch of
specimen width. Since the low end of this range requires only moderate
operating forces, a test specimen with 4-inch wide tails is suggestied to pro-
vide a generous central area ior strain measurements in a unifurm braxral
field. However, if the upper load limit of 800 lbs/inch is applied to a2 4-1nch
wide specimen, the total icrce necessary is 3200 lbs This would require
either high operating pressures, or oversized pneumatic components which,
in turn, would result in a2 loss ol sensitivity at the iower force ranges. We
csuggest instead, the design compromise of using a smaller specimen at high
force levels on the infrequent cccasions when a very high sirength specimen
must be extended to rupture. A iwo-inch wide specimen at 800 Ins/inch re-
quires only a 1600-1b operating force, which can be comfortably achieved
with eificienrly sized pneumatic components. If the machine force-applicatior,
and force-measurement systems are designed for & maximum pull ot 1600 lbs,
loads up to 40C lbs/inch could be applied to four-inch wide specimens.

1I. LITERATURE SURVEY

The scientific literature pertaining to experimental biax:ial stress-stran
measurement has been reviewed. The following citations refer to machines
applicable to the testing of fabrics o1 other flat-sheet specimens. Apparatus
for measuring combined stresses and strains in rods and tubes due to tensicn,
torsion, or internal inflation pressure dc not readily apply to the general flat-
sheet raazieriai biaxial-loading problem and are not included in the following
evaluatiorn.

In 1953, Reichart, Woo and Muntgomeryz reported on a biaxiai tester ior
fabrics. This apparatus was an adaptation of a standard, uniaxial, verucal
tensile-testing machine which was fitted with supplementary horizertal jawrs.
These 1aws were linked to the lower traveling jaw with tewsion rods and in-
clined wedges. Movement of the crosshead would result in a secondar: trans-
verse motion of the supplementary jaws at a fraction of the crosshead soes-
determined by the selection of the angle of the inclined plane Loads were
sensed with resistance load cells.

Checkland, Bull and Bacher3, reported on a biaxial fabric tester which
utilized a large four-jaw chuck as the mechanism for producing related bi-
axial jaw motions. This machine could provide only a 1:1 ratio of X and Y
extensions. Forces were sensed with strain gauge load cells linked 0 the
jaws, and strain information was obtained from successive photographs taken
during the ioading cycle.
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In 1959, Klein! reported on a machins which met all the theoretical require-
ments for biaxial tensile testing. These i-cluded:

a. Controlled biaxial straining at the center region of the specimen,
b. Measurement of strains in this region.

¢. Constant, pre-set ratio of X- and Y-direction loaa levels.

d. Cruciform specimen.

e. Capability for other than a 1:i ratio of X and Y icads.

f. Autographic read-out of load and strain signals.

Operation of this device allowed jaw runtion in one <.recticn, €,, !0 proceed
at a predetermined constant rate while the ;jaw motion in the other dircction was
controlled so that the ioad levels were mairnta:n2d at a constant ratio  This can
be described 2s a clcsed-loop automatic control system, with combined cascade
and ratio contrcl feature.

Operating difficulties with this aystem stemmed from the fact that the fahric
extensions and appiied loads were measured and transduced as low-\oltage vlec-
trical signals After amplification and comparison of the signais. the vverall
system signal-to-noise ratio was not high ennugh to permit consiant stahie oper-
ation, and the charted machine output data was often erratic and unreliadle.

Mdnch .nd Galster? show that a cruciform, flat specimen shape with longi-
tudinal slits .n the tail sections can improve the uniformity of the biaxiai {force
field at the specimen center.

San Miguels built a biaxial machine for testing flat sheets of solid pru.pel-
lant ro~let fuel. This was a controlied-extension system with a built-:in
zLpacity for transverse stretching of the pin-type grips to compensate fcr speci-
men deformation at high strains.

Davxdson6. describes a bi xial tensile tester for fabrics which employs a
cruciform specimen. ILoadin‘ is accomplished w:th a single hydraulic cylirder,
a series of variable leagth lr ver arms and whiffle-trees serving to distribute
force outputs ‘o the four spr timen jaws in a pre-selected fixed ratio. A note-
worthy feature of this maci ine is the capability for program:ning shear loads
to the specimen jaws, as v ell as direct tension loads. Force is measured with
a spring-scale dynamomerer linked to the main hydraulic cylinder, and strain
measurements are obtairea from successive ghotograohs of this test spec.men
at specified load intervals.

This instrument ie now installed at FRLY and was used in obtaining the
exper:imental data presented in the Appendices.




Seshadri, Brown, Backer, Krizik and Mcllen7 utilized a braxial fabri
tensile tester at MIT to further their work on parachuie fabrics. jhi~s machine
18 an accessory added to a standard floor-model Instron tensile tess v Jt
consists of a frame which i3 driven up and down by two verticzl lead sc rews
linked with drive chains to the Instron crosshead drive and gecred to produce a
moti1on equal to one half of the crosshead motion. This frame carric s clamp-
type flat jaws which are separated manually ty rneans of horizontal v ad ecrens
driven by @ handwheel and gear train. Any desired load level can b applied in
the hor:zontal direction while the specimen 1s strained by the Instrun « rosshead
in the verticai direction. The chain hinkage to the auxtliary loading frame keeps
the crucii.rm specimen centered and prevents unwanted shear deformations,
Loads are sensed by res:stance strain-gauge load cells und recorded by mcans
of strip <h.rt recorders.

The principal operating difficulty with this device has been the nability to
co-ordinate X- and Y-direction lcad programs. In one operating mude, the
instron ja'ws are cperated at a constant rate to provide a uniform rat:- of jaw
separation in one direction while an operator manipulates the horizontal loading
screw in an effort to maintain a continuously balanced ratio uof the changing X-
and Y-load levels. Other loading rnodes are possible at specified load incre-
ments. The jaws along one axis can be separated to provide an 1ncremental
load increase =::d this jaw position maint.ined while the lcad alung the other
axis is increased by an appropriate incremient. Specimen behavior observed
with this kind of incramental ioading 15 not the sarr{ as that cbserved during
continuous loading. This substantiates the contention that a valid biaxial test
proceduce must provide for co-ordinated load programming along both axes.

McClaren and Best8 descr.be a biaxial tensile-test machine uscd 1n their
work on fatigue of metallic materials in a multi-axial stress field. This ma-
chine anplied loads to the tails of a cross~shaped metallic sheet specimen
The machine was another example of an adaptation of a standard sertical test-
ing machire with a supplementary transierse loading frame. The interesting
feature here is that the transverse loadiap frame is suspended {rc.1 cabies
with counterweights and is free to move vertically as required to maintain
symmetry of loading without unwanted shear ioads applied to the specimen.

Becker9 has demonstrated another systern for adapting 4 standard uni-
axial testing machine for biaxial deformations. This device employs tuo
right-angle g~ le beams which are interlocked with sliding joints so tn.at they
form an expanuable rectilinear frame. A sheet specimen is linked to the
inside edge of this frame with a series of pins and clamping jaws. The entire
frame 1s mounted in the tensile tester and oriented with tne test machine axis
at a pre-determined angle to the specimen and guide beams. Varying this
angle provides an operating parameter for proportioning strains in the X and
Y directions of the specimen. Horizontal and vertical lcad components are
sensed with cornmercial strain-gauge load cells providing data for calculation
of principal specimen loads. Specimen strains are measured with a
cathetometer aimed at target figures imprinted on the specimen
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TY. MECHANICAL DESIGN FEATURES

A. Sggcimen

The mechine is desigred 1o accommodate flat specimens of fabr.c, rheet,
or £film. Specimens are cross-shaped to provide a blaxial furce fieid at
the center. The extended tails are connected to the four orthogonally aligned
Jews. The instrument is capable of accommedating specimen widths up to
four inches.

3. Jaws

Flat jJaws are used with most specimens since no difficulty will be
experienced with specimens failing at the jaw, a condition prevalent when
this kind of jew is used ir uniaxial tensile testing. This confidence
stems from the fact that the biaxial loading mode will produce higher
localized siresses in the biuxial stress zone thaan the generally uriaxiael
stress levels wiica will occur near the jaws.

A specimen loading Uixture is provided to aid in centering the specimer
ir. the four jaws. This fixture sccurately locates and positions the four
Jjaws relative to each other so that the specimen can be lined up and clamped
in each jaw successively without disturbing the aligmment of the other Jaws.
When all four jaws are securely clamped, the entire assemcly of jaws and
specimen: is secured iuto the machire losding frame without distorting the
specimen. The aligmrent fixtire is removed before tre tensile test loads are
applied.

Lirnkage between the jaws and the lcad application system are of two
separate types. One of these is a pivoted link which permits the specimen
tails to skew as required to balance any variations in yarn tensions across
the fabric. The alternate linkage system is e rigid connection of the jaws
to the force c¢ylinders such that opposing jaw edges are always parailel and
perpendicular to their complementery Jaws on the other axis.

wWhen a cruciform specimen is stirained biax.ally, the throughgoing varns

at the outer elges of the specimen talls are elongsted more than thar the through-
going yarns at the centers of the specimen tails. This effect increases with
Increesing elongation and, of course, tends to distort the otherwise uniform

laxial stress field &t the center of the specimer producing high localized
stresses in the specimen corrners. The effect is minimized by extending the

length of the sperimen tails 4o lescen the divergence aagle of the throughgoing
yarns from the jaw to the specimen center. The effect is further diminish
by removing cross yarns from the specimen tail srea or Ty carefully cutting

slits parallel to the direction of pull ir ‘these (xils,




. T—

The flat jaws are fabricated from high strength materials snd can
accommodate any of several different high-friction jaw facing materials in-
cluding serrated, hardened metal and leather jsw faces. Tne clamping arrange-
pment for the jaws features adjustable clamping screws to aid initially in
positioning the specimen and a wedge action linkage which will increase the
clamping force as the load increases.

C. Load Application System

Tension loads are generated by four identical pneumatic cylipnders
located along the X and Y jaw axes. They are double-rod-end cylinders
with equal volumetric displacements and equal effective piston areas on
both sides of the piston for motion in both directicns. This permits a
simple scheme for synchronizing the motion of opposing pairs of cylinders
by displacing hydraulic fluid from behind the piston of one to the front
end of the piston in the other as shown in Figure 1. This transfer of
fluid is sccomplished through a lire with a variable restriction, or
tbrottling, valve so that the rate of flow can be con*rolled. Thic control
of fluid flow prevents any surging or stick-slip motion which might otherwise
%Le 2snifested in the pneumatically driven system; it also provides a means for
limiting the rate of travel of the testing-mschine jaws. Compressed gas for
system operation is furnished either from a compressed air system or lrom
bottled nitrogen gas supplied through a suitable pressure reducing regulator
valve. Tue standard pneumatic cylinders are shown in Figure 2.

A force-talancing type of ratio relay is the instrument which regu-
lates the relative air pressure in the two separate loading axes of the
macnire. This relay is tte heart cf the system design providing the means
for setting and maintaining constant ratios between the X-axis load and the
Y-axis load levels.

D. Load Sensors

Measurement of the pulling load at the specimen jaws is accomplished
with electronic joad cells. These are standard commercial force transducers
with electronic resistance strain gauges arranged in a four-arm Wheatstone
Bridge circuit. Exictation voltage is supplied from batteries. Two load
cells will also be provided for instellation at opposite ends of the
specimen to maintain the mechanical symmetry of the machine desigm.

10
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E. Strain Sensors

Lccurate messursment of strain in textile tensile srecimens, which is
alweys difficult, is doubly =0 for the case of biaxial testing. In uniaxial
testing strain reasurements are often derived from jaw speeration measure-
ments with corrections wherever necessary for slippege in capstan jaws, etc.
With a cruciform test specimen jaw separation measurements are not accurate
indications of dimensional changes in the biaxially stressed zone, therefore,
strain measurements must be made di-ectly or ITinlte gauge lengths located
entirely within the biexiaslly stres.ed zc .. Our literature survey rcvealed
that the most popular schewme for cotz ning such measurements has becen a
systan for photcgraphing a two-dimensicrai gauge length target on ~he specimen
at & number of load incremernts and later measuring the changes in specimen
geometry recorded in the photographs. This provides accurate data with all

inds of specimens without the need for mechsrirzl connections to the specimen
or the involvement o2 any mechauisme which would possibly affect the specimen
response. It is handicapped by & more involved data reduction procedure without
the convenience of autographic recording of load and elongation relationships.
The machine includes a camera and mourting equipment necessary for photosraphic
elongation measarement.

The second scheme used is the direct attachment of mecharnical links sO the
specimen gauge marks; dimensioral changes are meeasured with suitable position-
sencitive transducers. Position *ransducers havipg built-in slectronic carrier
weve and demodulating circuits ané sroviding a d.c. voliage output for ccane ag

irectly to a recorder read-out instrument without oiher signal conditicning
circuitry are used. Mechanical connection of the transducer probes to the
specimen is made witlr needle points perforating the fabric at ithe gauge marks.
(Coviously, this >cheme will not be satisfactory with £ilm specimens, or some
kinds of coeted fabrics, where the needle perZorations would initiste stress
concentrations., For these specimens the photogrephic strain-measurement
technigue would be utilized.)

7. Teta Tresertation

Zlectrical signals from the two streain-gauge loed cells enc from the
Two strain transducers are fed to the input stages of & fo.r-channel,
electronic, strip-chart recording syster !Varian potentiometer +ype recorder. )




Instruments and controls are mounted on heavy-gauge aluminum panels
supported in a stamdard relsy rack enclosure as shown iz Figure 3. This
control station connects to the machine frame with ter-root long air hoees
and electrical cables with suitable connectors sc that the control stand

is conveniently oriented to the machine frame.

A1l other components of ihe test arpex@&tus are mounted on the machine
frame (see Figure 2). This ie a welded steel siructure, of table-top height,
designed to support and elign the force cylinders, specimen jaws, and associ-
ated parts. All hydraulic elemenis and piping are self-contained on the
rachine stand to eliminate liguid-ilne cormections to the control stand and
therety minimize problems of leakage, air tleeding, eic. Prneumatic hoses
which are connected <o the contrcl stand can readily be removed or re-
connected with no interference with the mechine gperation,.

General arrangement provides easy access for adjustments. Ma*erials and
) J
finishes were selected for durability and compliance with the general -equire-
nts of the specificatiozs.

The test instrument is shown in Figure 4, while Figure 5 is & photograpn
of the control panel
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APPENDIX 1

STRESS-STRAIN RESPONSE OF FABRICS UNDER
TWO-DIMENSIONAL LOADING

LIST OF SYMBOLS

The symbols used in the analysis are:

A = yarn cross-sectional area
y
I:Zf - fiber modulus of elasticity
hl : max'muin di1~t:nce perpendicular to the tanric plane between cross-
W . . -
section cent:-rs of warp yarns before appiication of loads, : e., the
distance perpendicular to the fabric plane between warp yarn cross-
section cenl: rs at two successive yarn (rossosvers
hZ ~ same distance as hl Sut measured atter application of loazds
A w
h“, = maximum distance perpendicular to the fabric plane between crnss-
section centers of filling yarns before application of loads
hZf = same distance as hlf but measured after application of loacds
L ., Ll = length of warp yarn between adjacent filling yarn centers before
w w .
applicat:on of ioads
LZ = length of warp yarn between adjacent fiiling yarn centers after
w
applicat:on of loads
L(. Llf = length of filling yarn between adjacent warp varn centers before
: application of loads
1_2, = length of filling yarn between adjacent warp yarn certers after
application of loads
L, L‘ = length of yarn between adjacent yarn centers before application of
loads
L2 = length of yarn between adjacent yarn centers after application of
loads
"1 = number of warp yarns per umit width of fabric before application of
w
loads
NZ = number of warp yarns per unit width of fabric after application of
w

loads




number of filling yarns pe~ unit length of fabric before application of loads
number of filling yarns per unit length of fabric after application of loads
number of yarns pe' unit width of fabric before apalication of loads
number of yarrn- ~er unit width of fabric after application of loads

number of fibers ir. yarn

yarn packing factor; ratio of the solid material contained in the yarn
cross section to the area of the circumscribed circle enclosing the cross
-r
BgTe

nRz
y

section =

- total axial tensile load on a yarn

< total axial tensile load on a warp yarn

total axial tensile load on a filling yarn
radial pclar coordinate

fiber radius

yarn radius

warp yvarn radius before application of loads
warp yarn radius after application of loads
filling yarn radius before application of loads
filling yarn radius after application of loads
yarn twist in turns per unit length

slope of post-yield region of the fiber tensile stress-strain diagram

2
3sin2gs- In sec 8 .

[ o

2 tan 8
3

tensile strain in a fiber: f~actional fabric extension
fractional yarn axial extension

tensile yield strain in a fiber

2
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ira. t1ional fubric extension in the warp direction, ¢ =
v N
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- fractional fabric extension in the {illing direction, € TN
2w

helix angle of 4 filament located at the radial position r in the yarn
.ross seciion

angle vetween the warp yarns and the fabric plane at the midpoint
between yarn ¢crossciers before application of loads; one-half the
angle nver which the warp yarr .= in contact with the filling yarn at
yarn crossovers, before application of loads to the fabric

angle between the warp yarns and the fabric plane at the midpoint
between yarn crossovers after application or loads, one-half the
ang'e over which thewarp yarn 1s in centact with the filling yarn at
yvarn (rossovers, after appolication of loads

angle between the filling yarns and the fabric plane at the midpoint
between yarn crossovers before application of loads; ose-half the
angle over which the filling varn 15 1n contact with the warp yarn at
yvarn crossovers before application of loads to the fabric

¢ngle between the filling yarne and the fabric plane at the midpoint
between yarn crossovers after application cf loads. one-half the
angle nver which the filling yarn 1s in contact with the warp yarn at
varn crossovers, after applicition of [oads

angle between the yarns and the fabhric plane at the midpoint between
yarn crossovers before application of lcads

- angle between the yarns and the fabric plane at the midpoint between

yarn crossovers after application of loads
surface helix angle of a twisted yarn

external load on the fabric per unit width of fabric, 1ensile stress
acting on a fiber

fiber tensile yield stress

external load on the fabric warp yarns per uanit width in the filling
direction

external load on the fabric filling yarns per unit width in the warp
direction

effective’ fabric Poisson ¢ ratis

yarn Poisson's ratio



INTRODUCTION

The ter.-ile properties of fabrics are usually given in terms of loads and
deformations applied and measured along only one axis. Fcr many applica-
tions this data is adequate, 1t gives an index of relative strength. However,
rarely are truly uniaxial loads imposed upon fabrics in the numerous applica-
tions in which they find use. In most instances loads are imposed simultane-
ously in more tnan one direction; e. g., the deformations at the knee or elbow
of a garment, tha canopy of a parachute, the vralls of inflated structures, etc.

The efficient use of fabrics in these structures requires the development
of precise design formulas. Additionally, as fabrics find more widespread
use in complex military, aerospace, and industrial system«, stringent speci-
fications on the biaxial stress-strain response of fabrics witl have to he estab-
lished. However, before design formuias and specifications can be written,

a more thorough knouwledge and understanding of the two-dimensional load-
extension characteristics of fabrics than is presently available is required.

Although the stress-strain response of fabrics under two-dimensi naé .
loading has received the attention of previou» researchers, '™’ 4.7,9.10.16,17,18;
analytical expressions that engineers can readily use have yet to be developed.
The results reported herein are an initial attempt to fulfill this need. It is
anticipated that further analysis, socme of the basic work for which has been
completed, will extend the practical and theoretical utility of the results.

In most fabric applicaticns deformations out of the plane of the fabric are
encountered and are the cause of the stresses in the fabric., However, these
stresses can be considered membrane-type stresses, i.e., stresses acting in
the plane of the fabric. It s therefore not necescary to consider explicitly out
of plane deformations of the fabric center layer. Q..v loads and defcrmations
applied and measured in the fabric plane have to be :onsidered in determining
the stress-gtrain response appropriate for most fabr:c applications. Since
fabrics, in general, possess only two principal directicns and the stresses 1n
most fabric st.ouctures can be resolved into two orthogonal components, cnly
loads and deformations simultaneon<ly applied to and measured along two
orthogonal axes are considered in this iritial work. Leads or strains appiied
simultaneously along two axes are usually referred to as ' biaxial.’

The stress-strain response of fabrics under biaxial l1oading is strongly
dependent on the ratio of the loads in the two directions. The appropriate
ratio depends on the fabr:c application. In inflated spherically-shaped
structures, the nominal loading ratio is 1:1; in inflated cylindrically-eshaped
structures, 2:1. Other structural shapes may impose higher ratios of loads.

Although it is possible to reduce the load-deformation analysis of a knitted
fabric to a two-dimensional problem, *15) this is not possible in the case of
a woven fabric. The woven fabric model comparable to the two-dimensional
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knitted fabric model is a planar array of crossed rods, each rod under uniaxial
tension, Such a model would neglect crimp interchange, the major mechanism
of fabric extension at low-~-to-moderate loads.

The complete deformation analysis uf a biaxially-stressed woven fabric
involves the use of a large number of parameters and the consideration of
many deformation mechanisms. I'or example, eleven parameters are required
to define the geometry of a plain-;)w?&zc fabric and four to express the orthogonal
components of stress and stramn. ' The consideration of yarn structure and
filament properties necessitates the introduct:on of more parameters.

The mechanisms 1nvolved in the deformatior of a biaxially-stressed fabric
include:

crimp interchange

change in angle between yarns (thread shear)

yarn bending

yarn flattening

yarn extension

friction between filaments; frictiocn between yarns at ctrossovers
yarn nesting at yarn crossovers

yarn swelling

yarn and fabrir rupture.

Vel e I e R AR TR VY A
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The loadirg sequence, loading rate. and load distribution (uniformity of
stress distribution) also influence the deformation o” a fabric.

An analysis of a biaxially-stressed woven fabric that includes all of the
parameters, deformation mechanisms and their interrelationships, if it were
possit to nbtain, would no doubt be so unwieldy that it would be of no practi-
cal use to a design engineer. Rather than consider all of the interrelationships,
an attempt has been made to understand separately some of the various mech-
anisms affecting fabric performance. It is assumed that an understanding of
the separate phenomena will ultimately lead to a complete understanding of the
stress-strain response of fabrics under two-dimensional loading.

A theoretical analysis of the load-elongation behavior of idealized plain-
weave fabrics subjected to biaxial stresses is presented. Fabric strains
resulting from both crimp interchange and yarn extension are considered. The
analytical expressions derived have been solied with the aid of a digital com-
puter for inextensible, linearly elastic and elasto-plastic materials. Results
are obtained for yarn extension at constant radius and at constant volume.
Generalized plots of the results are presented for the two extremes of initially
square fabric structure: (1) equal crimp distribution in both sets of yarns,

(2) one set of yarns straight (noncrimped). These plots give the fabric exten-
sion in both the warp and filling directions as a function of the loads applied

along the warp and filling axes, the product of the yarn radius and number of
yarns per unit width in the unicaded fabric, the yarn construction and the filament
tensile properties.
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Fabric Model

The initial geometric fabric model used duplicates that described by Peirce,
it assumes a structure composed of circular yarns which do not flatten or slip at
yarn crossovers during fabric extension. This reduces the required number of
geometric parameters to six* warp and filling yarn diameters, number of warp
and filling yarns per unit width of fabric; angle between warp and tilling yarns
and the fabric plane at the mid-point Letween yarn crossovers. The complete
list of assumptions and limitations imposed in the analyses are:

1.
2.

10.

11.

12..

13.

The fabric is a plain weave.

The yarns are uniform along their length, circular and do not flatten
during aoplication of loads to the fabric.

The fibers in the yarn are circular in cross section and their radii
are negligibly small compared to the yarn radius.

The fibers fall into a rotationally symmetric array in cross-
sectional view about the center of the yarn. Each fiber forms a
perfact cylindrical helix about the yarn center line.

The fibers are homogeneous and linearly elastic for tensile stresses
below the yield stress.

The elastic limit of the fibers in tension is sharply defined and the
material exhibits linear work-hardening beyond the yield.

The influences of strain-rate, creep and stress relaxation on the
response of the fiters is negligible.

The warp yarns are initially perpendicular to the fiiling yarns and
remain so during loading.

Orthogonal yarns remain in contact during the loading cycle; there
is no yarn slippage at yarn crossovers.

The radius of curvature of the yarn is equal to the sum of the yarn
radii in the regions of yarn contact and equal to infinity between
yarn Ccrossovers.

The yarns are infinitely flexible (i.e., the yarns do not support any
bending moments, El = 0) and therefore support only tensile loads.

The intrinsic tensile response of the bent yarn is the same as that
of the yarn when straight.

The fabric is lcaded in its plane. The loads are uniformly distributed
along the fabric edges. The load on the edges parallel to the filling
yarns is parallel to the warp yarns, and the load on the edges parallel
to the warp yarns is parallel to the filling yarns.

(9)




The geometry of the fabric model corresponding to the above assumptions
is illustrated in Figure 1. Using the symbols shown in Figure | and further
defited in the List of Symbols, it can be shown that for this fabric geometry.
before loading:

};fi‘: =Ly - HR v R Eocos g v 2R R ) sin g ()
?z_i';' =Ly T ARy R A Teos g m 2Ry Ry )sin Ay (@)
h“. = [L”-Z(Ri!- le)e”‘ sin GH*Z(R”*RIW) (1 - cos 6”) (3)
hlw = :Llw - Z(R“, - Riw) le'_' sin -”-lw* Z(R”* le)(l - cos elw) (4)
Blw " Py T 2R T Ry (5)

{The validity of the relationship given in F juation (5) is seen more easily when
the expression is written in the following form:

E - - + ; see i 1
hlw RW“Rf h” Rf Rw see Figure 1)

and after loading:

—N—;—; = 7L, - 2(R, < R, )8 Tcos g, +2(Ry R, )sin &, (6)
-&-;:' = g‘Zw - —(sz - sz) 52“'7cos 92w < Z(sz - sz) sin sz (M)
hy = _"sz - 2R, * R, ) ezfj sin @, * 2(R, ~ sz) (1 - cos 8, (8)
h, ~ =[L, =-2(R, +R, }& Jisinc, *2(R, +R, )(l-cosg ) (9)
h, *h, =2(R, R, ) (10)

In general, the geometric giautities describing the fabric structure in its
initial configuration that are most easily measured are probably warp and filling
yarn radii, R}, and R(, and number of warp and filling yarns per unit width of
fabric, N, and ¢ Using these measured quantities and Equations (1) through
(5), the lengths of warp and filling yarns between yarn crossnovers, L and L,
and the warp and filling yarn angles, 8 and 8;¢, can be determined for the two
extremes of initial fabric geometr-: (1) equal crimp distribution in both sets of
yarns; (2) cne set of yarns straight (noncrimped). For nitial fabric geometries

7
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FIGURE i. FABRIC MODC. .
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between these two extremes, eithc* the maximum distance between filling yarn
cross-section centers, h“. the maximum distance Letween warp yarn cross-
section centers, h}y,, the filling yarn crimp, or the warp yarn crimp as the
yarn lays in the fabric 1s also required. However, these parameters are not
easily determined, the fabric must be imbedded, sectioned and examined under
a microscope.

Fabric De¢formation

Referring to Figure | and using the equations of static equilibrium, i.e.,
summing the forces in the {i1lling directicn

~ - N , 1
e Pfcos erNZf {11)

summing the forces in the warp direction

ot = P N, , 12
w w cos eZw 2w (12)
ana summing the components of the forces perpendicular to the fabric plane

Pw sin EZw - Pf sin 321’ = 0, (13)

In the case of uniaxial loading, Equation (13) shows that the yarns under
stress are pulled out straight. However, in an actual fabric the yarns may
become jammed before the crimp is completely pulled out. Jamming may also
occur in a biaxially stressed fabric with certain combinations of initial fabric
geometries and loading ratios. Therefore, the above analysis is only applicable
when )amming does not occur. The jammed geometry of plain weave, round-
yarn fabrics is discussed further in the next section.

If it is assumed that there is no axial yarn extension (E = », Lo = L.
La¢ = Lyg Ry = Ky, and Ry¢ = Ry¢) during fabric loading, the analysis of the
fabric load-extension behavior can be reduced to four simultaneous algebraic
equations [Eqs. (6), (7), (10), and (i3), where Eqs. (8) and (9) are substituted in
Eq. (10) and Eqs. (l1) and (12) into (13)Yin the four unknowns B0 Rwe Nog and
Nzw-. a1hese four equations are independent of the filament and yarn properties.
They are a function only of the original fabric geometry and the loading ratio,
and not of the magnitudes of the individual lcads. To solve the equations the
fabric loading ratio, g, /o;; initial yarn spacing, !/N) and 1/Njy; yarn radii,
R)rand R}, and yarn lengths between crossovers, Ljsand L}, must be known.
The latter two parameters are determined from Equations (1) through (5), as
discussed previously.

If yarn extension during fabric loading is considered, (L., # L, and
Lp¢ # Ljs ), Equations (11) and (12) become coupled with Equations (6) through
{10). The functional relationship between the tensile loads, P; and P, on the
yarns in the fabric and the yarn construction, filament properties and change in
yarn length between crossovers is devsloped below.




It is assumed that the load-elongati~n diagram of the fabric yarns in the
zo *0-twist state can be represented by

P =0pA =a - be (14)
Y y
2
wheee the varn crnss-sectional area, A, = "R, p - yarn packing factor
= n 7y /WR:‘;:, ng = number of fibers in the yarn, ry - fiber radius, R yarn
r2Jins, ¢ - varn or fiber tensile strain, 7 = tensile stress {force per umt area)

acting en a fizer, and a atd b are constanis. The case of the yarn radius remain-
ing constant during yarn extension (v = 0) 1s considered first.

If the fibers are linearly elastiz, g - Efc. where E; is the fiber modulus of
elasticity, anda =0, b = pAYEf in Equation (i4). Similarly, if the hbex;s are
elasto-‘plastlc a_md exhibit iitﬁar work-hardening beyond the yield, 2 - =" -
ale- €7) = Ege” + a(e- ¢ *)'?), where % is the fiber yield stress, € the fiber
yield sirain in tension, and 1 the slope of the post-yield region of the fiber ten-
sile stress-strain diagram. Therefore, for the elasto-plastic material
az (o - 3&:*);»1\y = ¢* (Eg - 1lpA, and b = 1pAy.

Negiecting pressures transverse to the fiber axis{®) friction between fibers
and yarn radial growth with increasing yarn twist, the total axial load vun an

idealized, close-packed, twisted yarn is given by 1,12, 14
"R ~
P = Z'Yp‘} Ysr cos? 2dr = i-:] R)v'(a - bey caszl_‘-) r co::,2 &dr, (13)
y r=0 Y “o
. . . 2 (13) .
where €y is the fractional yarr extension, €= cy cos & Carrying out the
indicated integration it can be shown that 2
R
-— 2 -
P == |5 In(i- 3P 12R%) - be —L (16)
y oA Le-trh y Y1‘4"TRy“
where T is the yarn twist in turns per unit length. This expression can be
re . citten in the following form
P = 12 ra in sec2 65 - be sinZ es ] (17)
Y tan GSL y
where Gs is the surface helix of the twisted yarn. If the first termis expanded
in a power series and the higher order terms are neglected, Equation (17} can
be reduced to the following simplified form
1 2
P =fa(l——tanze)~bc cos &° (18)
y 2 s y 5"
or P =A-Be, 19)
y y (

2
where A =0, B = pEfAV cos Bsfor linearly eiastic materials

and A

"

1 2
% - l - - [
pPe (I:".f a) Ay( > tan “s)

B = quY cos? Gs for elasto-plastic materials Ji.2., if 5= g% + ~le- )2
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in light of the above relations and noting that the extension of the filling
yarns in the fabric is given by ¢, = (Lzf - Lyg)/L|¢ and similarly fur the warp
yarns by cy z (sz - Llw)“"lw' Equations (11) and (12} can be rewritten in the
following form

~ (LZf
=N, [Aa-B(=2-1)]cos 8 0
% = Ny | L, )] 8 B2f
- L -
sszZw LA * B (-Lﬂ.-l) J‘cos eZw 21
iw

If constant volume yarn extension (v = 1/2) is assumed instead of constant
yarn radius as above, Equation (15) takes the following formf!

R € 2 - 2
Py [a - b -i! (2cos @-1) Jr cos 8dr. (22)
y r=0

After carrying out the indicated integration, an expreasion identical to Equation
(19) is obtained with A = 0 and B = pEA_[3 sin? §, - In sec? §, /2 tan2 g when
g = Eqe. Additionally, of and g, are given by Equations (29) and (21), as for the
previous case. It can also be ahown that for constant-volume yarn extension

- L
Ry = Ryp o/ Lyl oy (23)

= /4 \
Row = Riw ¥ Llw/LZw' (24)

Limiting Fabric Geometries

As previously noted, the derivation of the foregoing expressions for predict-
ing the response of fabrics under biaxial tensile loading does not take into
account the pogsibility of geometric limitations at large fabric extensions. Care-
ful analysis of the idealized fabric n})odel being used shows that there are three

. i e . _ (8,9, 16) o :
poseible limiting geometries. The descriptions of these given below
aszarne that the load applied in the warp direction is equal to or greater than the
load applied in the filling direction (ow 20, ).

l. Warp yarns pulled straight - If I.2f/(RZf + sz) 2 2m as :Jw/z‘:f ~ @ the
warp yarns can be pulled straight. When this occurs

1
—_—= . (25)
sz LZw
This limiting geometry, if attained, defines the maximum fabric extension

peesible from crimp interchange. ‘“.ny further fabric extension requires yarn
elongation.




) g—

2. Maximum filling contraction - The fabric e:tension in the warp direction
can be limited by the inability of the fabric to contract further in the f{illing
direction. This occurs when the maximum possible crimp has been developed
in the filling yarn. I the loade applied to the fabric are greater than the level
which just results in the development of this maximum filling yarn crimp,
solutions to Equations (6) through (13) can be obtained which result in physically
impossible fabric deformations.

The tilling yarn crimp is at its maximum when there are no straight sections
along the filling yarn length, i.e., when L__/(R,_~- R, )< 2~ (see Figure 2).
i 21 2f Zw
Under these conditions

= - e 26
LZf Z(RZf RZw) 2f (2°)
and frcm Equation (6)
L
1 / 2! \
~—— *2(F,,~ R, V)sun {5/, | 27)
N 2f 2w KZ(RZf R, )/

The corresponging filling yarn spacing 1s determined from Equations (7) through
(13).

Assuming a fabric woven from irextensible yarns, the above limiting
geometry can be readily determined. It is given simply by

Ly \

)| .
(\ ) - '2(R1f°R1w’s‘"(2(R “K, )/
2w minimum 1f Iw

(28)

3. Contact between adjacent warp yarns - The fabric extension in the warp
direction car also be limited by adjacent warp yarns coming into c...lact with
each other. (16) When this occurs and, simultaneously, maximum crimp is
daveloped in the filling yarns, it can be shown from Figure 3 that

1.
T Ay @)
2f 2w
2R
2w -
sin§ = —2X (32)
? -
2f .‘(RZf RZW)
R (31)
and N 2w
2w
= i = & = - o - = ~/6 = 0,5236.
¥R, =R, ,sin@ =1/2, &, =7/6=30% and L, /2(R, = R, )=~/ 5
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FIGURE 2. LIMITING FABRIC GEOMETRY ;
MAXIMUM FILLING CONTRACTION.




N FILLING YARN

FIGURE 3. LIMITING FABRIC GEOMETRY; CONTACT BETWEEN
ADJACENT WARP YARNS.
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The minimum value of {filling yarn length poasible when warp yarns are
touching occurs when the filling yarn is straight. For th:s case

LZ:’ = 2R2w ‘N, (32)
2w

Therefore, contact between adjacent warp yarns can only occur when 6. 500
< ng/Z(RZf * Ry, ) £ 0.5236, aesuming Ry = R, . The corresponding filling
yarn spacing ior this limiting geometry 1s calculated from Equations (7)
through (13). (As pointed out in a later section, this type of limiting geometsry
has not been encountered for any of the fabric geometries and loading condi-
tions examined to date. )

Although the limiting geometries are readily determined when it is assumed
that the fabrics are woven from inextensible yarns, there does not appear to be
a direct method for determining the second or third type of limiting geometry
when the effects of yarn exteusion are included. However, an indirect approach
is given in a later section.

ANALYTICAL RESULTS

The analytical expressions derived above for the load-extension behavior
of idealized plain-weave fabrics subjected to biaxial stresses have been solved
for various combinations ¢ initial fabric geometries and filament properties.
The Newton-Raphson iterative method for the solution of simultaneous non-
linear algebraic equations and an IBM 7094 digital computer were used to obtain
the solutions. Descriptions of the cases snlved and the results obtained are
given below.

Solutions are given first for the case of no axial yarn extension (E = =),
during fabric locading. Only the contribution oi crimp interchange to the load-
extension response of the biaxially stressed fabrics is considered. Results
are given for the two extremes of initial fabric structure: (1) equal crimp
distribution in both sets «f yarns. {2) one set of yarns straight (noncrimped).
As noted previously, thz results are a function only of the loading ratio g /g

. . w i
and not of the magnitudes of the imposed loads.

Square Fabric, Inextensible Yarn - Crimp Interchange

For initially square, plain-weave fabric with the same infinitely flexible
and 1nextensible yarn in both the warp and filling

Niw "N =Ny
Rig* Riw " Ryg = Ry ° R
%7 B T8

e i " hge " Lpy ° B




" 1th these assumptions, Equations (1) through (5j describing the geometry of
the fabric in the unloaded state reduce to the following two simplified expressions
sin 9l

Rz ————
Nl 2(2 - cos 61; (33)

L 1

R NIR cn:as‘-é1 ) 4‘31 1tan eJ (34)
The dimensionless parameler, NIR' the product of tne yarn radius and number

of warp (or filling) yarns per urit length of fabric before application of the loads,
is plotted 1n Figure 4 as a function of 8,, the angle between the warp (or tilling)
yarns and the fabric plane at the mid-point between yarn crossovers before lnad-
ing. As shown, N|R =0 at 8, = 0, increases with increasing & up to an angle of
60° and decreases beyond this augle.

Similarly, the dimensionless parameter, L/R. the rat:o of the length of
warp (or filling) yarn between yarn crossovers before. during, and after load-
ing, to the yarn radius, 1s plotted 1n Figure 5 as a function of 8]. As shown,
L/R approaches infinity as & approaches 0°, decreases with increasing £ up
to an anzle of 60°, and increases slightly above this angle.

L/R is plotted as a functic, of N R n Figure 6. As shcwn, as N |Rapproaches
zero, L/R approaches infinity, and at N|R values 2 0.25, L/R is not a single-
valued function. Therefore, ro simplify the computer programming, in all the
computations preaented below which assume an imitially square fabric, only N)R
values € 0. 24 are used. Since the maximum value of NIR possible in an initially
square, plain-weave fabric is 0.289, & = 60° (see Limiting Fabric Geometries,
#2), not much is lost in using only values of NIR s 0,24, Z\'IR = 0.05 corre-
sponds to an angle el of 5.4°; NJR = 0.24, to 34.3".

For the initially square, plain-weave fabric woven from infimtely flexible,
inextensible yarns, substitution of Equations (8) and (9) into Equat on (10) and
Equations (6: (7)., (11), and {12) into Equation (13), gives the following two
simultaneous equations in the two unknowns 92w and 8

21
s 1, ) \\ L .

[ ~—== _ - = & - - {— - = G 35
\4R 92w>'”“ G 0% & (.°°’ o~ 1) (412 u)s”‘ 21 (35)
o r‘l;~° \cot’- ‘17-,_3&,\ os § ;‘(_L__= \)ot-’- ol_f (36)
€08 Sw L\aR ~ 2w/ Ot St T (gf )cos &1 (Gr™ 55/ 0t 5

Once 8, and &, are determined, N, R and N, R can be ob?aui~d from Equations

- 2
(6) and (7) whic?}g reduce tu the following two ex\;:ressions for this case.
1 rL 3 -
oz |{= - 4¢ ) b - in & 3
KR 4"Zw/cos T 4 sin 2w 37)

NZfR
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1

NZwR

L -
s (R - 4ezr)°°“ 8t s by (38)

The fractional fabric extensions in the warp an filling directions, €, and c(,
are then given by the following two expressions

¢ =(N’R -1) (39)
w NLfR /
NIR
¢ R (40)
2“.

where a positive value for ¢ signifies an increase 1n the fabric length and
similarly a positive value for €, an increase in the fabric width.

Equations (33) through (40) were solved for N| R = 0.240, 0.220, 0.200,
0.150, 0.125, 0.10G, 0.050 and ':W’g(f =1,2,3,4,5,10. The results of these com-
putations are plotted in Figures 7{a), 7{b), 8(a), and S(t}. The fabric extens:n in
both the warp and filling directions is given as a function of the loading ratis,
awl::{, and the product of varn radius and number of yarns per unit width :n th:
unloaded fabric, NlR. Fabric extensions are also given for TwlTp T = 1es, for
uniaxial loading. These extension ~alues reprecent the maximum fabric exten-
sions possible from crimp intercnange. For N;R € J. 169 the warp yarns are
puiled straight asz,,/7; - =, and Equation (25) 1s used in determining the limiting
fabric extensions. For N{R 2 0.165 the fatric extension in the warp direction 15
limited by the inability of the fabric to contract further 1n the filling direction as
Jw/0¢ ~ ® because of the develcpment of the maximuarn possible crimp in the
filling yarn. Equation (28) is used 1n determining the maximum fabric extensicns
for this case. For N|R = 0.169 the warp varns arc pulled straight and the maxi-
mum crin.p is developed in the filling yarn. The value N, R - 0, 169 for which this
occurs is determined by substituting §,,. = 0 and Ly - 4R 23¢ 1nto Equation (35),
solving for 2,,(%¢ = ~/2) an1 obtaining the value of N|R corresponding to L;R - [Aad
from Figure 6.

When ‘7v_,/':7f ~=and N R > 0.169, the eguihibr:um equations, Equations (l11)
through {13}, are net satisfied. The limiting fabric extensions are determined
from purely geometric considerations. In a real fabric the filling yarns would
be compressed and the projection of these compressive forces along an ex1s
perpendicular to the plane of the fabric would baiance the components of the tens.le
forces acting on the warp yarns and projected along the same axus.

As indicated 1in Figures 7 and B, no fabric extensionr occurs for a loading
ratio of one. This is because the fabric is assumed initially square, woven from
inextensible yarns and subjected to equal ivads in both directions. Under these
conditinns no crimp interchange can take place.

For loading ratios greater than one, the fabric elongates .- the warp direc-
tion and contracts in the filling direction. The magnitudes of tnese extensions
increase with increasing velues of the loading ratio, approaching the 3./7¢ = =
extensions asymptotically.
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FIGURE 7(b). FABRIC EXTENSION IN THE WARP DIRECTION:
INEXTENSIBLE YARN, INITIALLY SQUARE FABRIC.
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The differences between the fabric extensions in the warp direction for
aw/af = 10 and °w/"7f z ® are small. However, this 15 not the case in the fiiling
direction, particularly for 0. 100 < NIR € 0.20C. A small load in the filling
direction significantly restricts the fabric irom contracting to the same extent as
would occur under uniaxial loading.

As also shown in Figures 7 and 8, the fabric extension in the warp direction
and contraction in the filling direction increase with increasing NJR up to an N)R
betweer 0,200 - 0.240 and 0. 169 - 0. 240, respectively, depending on the loading

rativ. . r greater N|R values, the fabric exhibits decreasing extension in the
wa ¢ 1 ¢n and decreasing contraction in the filling direction with increasing
N+ ... N,R for which the greatest fahric extensions are obtained d~creases

with increasing loading ratio (see Figures 7(b) and 8(b);. However, in the limit
as g, /3¢ ~ =, a tabric with an Ny R of about 0. 200 exhibits the greatest warp ex-
tension, and a fabric with N|R = 0. 169 the greatest filling contraction. The latter
fabric constructicn 1s the one in which the maximum filling crimp is first devel-
oped. Fabrics with greater N\ R's are closer to the jammed state initially and
therefore reach this limiting geometry svoner upon loading. Consequently, their
f1lling contraction 1s less. (As mentioned earlier. 1t can be shown that an inftially
sauare fabric with NyR = 0.289 and woven from inextensible yarns cannot exhibit
any warp extension or filling contraction because 1t5 initial geometry is a Jammed
configuration. )

The ratio of the fabric cuntra acen 1n the filling direction to the correspond-
ing extension in the warp direction, i.e . the effective Poisson’s ratio, u, of the
fabric (u = - c,-/Cv. ), is plotted 1n Figures 9(a) and 9(b). It 1s recognized that
this is a non-standard d<fiation of Poisson's ratio. Classicalily, it 1s the ratio
of the laieral contract:on to longitudinal extension of a homogeneous bar under
axial tension. However, it 1s used herein to define the ratio o1 the lateral con-
traction to logitudinal extension of a structure, not a homogeneous material,
under biaxial, as well as, umaxial loading. Therefore, it is referred to through-
out as the effective Poisson's ratio in an effort to distinguish it from the classical
Poisson's ratio.

The effective fabric Poisson's ratios are given in Figures 9(a) and 9(b) as a
function of loading ratio and N R. The values at an infinite Joading ratio are
noted. As shown, y & .4 at a loading ratio ¢{ two for all values of N} R and
increases with increasing loading rativ :0 1.8 - 2.7 at a loading ratio of ten,
and 1.8 - 5.4 at an infinite loading ratio. This 18 in contrast to conventional
homogeneous engineering materials which rarely exhibit Poisson's ratios greater
than 1/2. Furthermore, it can be shown that even whern homogeneous materials
are under biaxial stress the effective Poisson's ratio never exce *ds the true
roisson's ratio for all positive values of the loading ratio.

At the lower values of loading ratio the Po:sson's ratio does not exhibit a
strong dependence on N| R, it decreases slightly with increasing NjR. However,
as shown in Figure 9(b), at a loading ratio of ten u increases witk increasing
NjR up to an N|R of about 0 175; at larger N|R values udecreases with increas-
ing N R. As also shown in Figure 9(b), in the limit as 7, /3¢ ==, a fabric with
an N R = 0.169 exhibits the largest effective Poisson’s ratio 5. 4.
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FIGURE 9(bj. POISSON'S RATIO FOR AN INITIALLY SQUARE
FABRIC WITH INEXTENSIBLE YARN.
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Eilling Yarn Imitially Straight, Inextensible Yar: _ Crump Interchange

For a plain-weave fabric with the same number of identical, nfinitely
flexible, inextensible yarns in both the warp and filling and one set of yarns
(filling yarns) initially straight {noncrimped)

Niw "Nig TNy

le - le ) RZf :RZW "R
&8 -0

"¢

Lyg s by s Ly

Llw . 1"Zw ) Lw

With these assumptions Equations (1) through (5} reduce to the foliowing three
simplified expressions

L

f__1_

R ~NR (41
sin 8 < 4N R (42)

Iw i

L

W 4
— - ) - a

R sin 8 cos 6 43 1 4 tan “lw (43)

1w Iw

In contrast to the previous case where an imtially square fabric was analyzed,
L, /R and Lf/R in this case are better-behaved functions. They approach infinity
as 8,, approaches zero, but are sing!c-valued as 3, approaches 90°. N R vs.
)y L, /Rand Ly/Rvs. 8, and L__/Rand Li/Rvs NR are plotied in
Figures 10, 1] and 12, respectively. .n the computations presented below for a
fabric with cne set of yarns initially straight, again only N, R values 2 0.05 and
£ 0.24 are used. The NjR = C, 05 corresponis to an angle 9;,, of 11.5° N)R -

¢ 24 to 73.7°.

As for the previous case, substitution of Equations {8) and (9) into Equation
(10) and Equations (6), (7}, (11) and (12) into Equation (13) gives the following two
simulianeous equations in the two unknowns 85, and 8.

L
(—‘-”— -8 ) sin§, -cosé = {cos - 1) -(——f-- &, )sin 8 (44)
4R 2w b w 2w S¢ 2R S2f Jsin 8¢

o L
- r w - o w ~/ { ) .
= — . R a +~ = — — & - l
€08 “2w L(4R 'ZW)CM 2w 1 (::f )C"“ € L\aR “fag)oot Byt 1 45)
These equations are 1dentical to Equations ‘3§) and (36) except that the distinction
between the length of warp yarn and the length of filling yarn between yarn cross-
overs has been maintained.
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Again, once 82, and 53¢ are determined, Np¢R and Ny R are obtained
from Equations (6) and (7) and the iractional fabric extensions in the warp and
filling directions from Equations (39) and (40).

Equations {41) through (45), (6), °,, and (29) {40) were solved for N;R =
0.240, 0.220, 0.200, 0.150, 0.125, 0.100, 0.050, and o, /0g =0 5, 1,2,3,4,5,
10. Tke results of these computations are plotted in Figures 13{a), 12(b), 14(a),
and 14(b). Fabric extensions for cw/af = ® are also given. As for the case of
the initially square fabric, these extens:on values represent the maximum fabric
extensions possible from crimp interchange. They were determined in the same
manner as for the previous case. The warp yarns are pulled straight as qv/c’[ —-=
wh- 1 NjR < 0.159; when N R > 0. 159 the fabric extension in the warp dirzsction
is limited by the inability of the fabric to contract further in the filling direction.

As shown in Figures 13 and 14, the tabric elongates in the warp direction
and contracts in the filling direction. The magnitude of these extensions in-
creases with increasing values of the loading ratio, approaching the o, /57 = ®
extensions asy.nptotically.

The fabric extension ia the warp direction increases also with increasing
N;R. The contraction 1n ihe filling direction goes through a turning point with
increasing NjR. The value of N|R for which the greatest fabric filling contrac-
tion occurs varies with the loading ratio. However, in the limit asa.7¢ = =,

a fabric with an NjR = 0 159 exhibits the greates! «ontraction in the filling
direction since this fabric construction 1s the one .n which the maximum filling
crimp 18 first developed. As discussed {or the case of an initially square fab-
ric, fabrics with N;R > 0 159 are closer ‘o the jammed state initially, and,
therefore reach this limiting geometry with less filling contracticn.

In contrast to *he 1niirally- square fabric case the warp extension for fabric
with nitially straight fiiling continues to increase with .ncreasing N| R, even for
NjR > 0.i59. This occurs because the 1nin:al crimp in the warp yarns increases
significanily wi.” increasing N} R, since the filling is straight, thereby provid-
ing greater warp yarn length between yarn crossovers and thus greater oppor-
tunity for higher fabric extensions i~ the warp direction.

Unlike the initially square fabrics, fabrics with mitially straight filling
extend at a loading ratio of one. Additionally, a comparison of the extension
data in Figures 7 and 8 to those plotted i1n Figures 13 and 14 shows that for
any value of N} R and 3,,/5¢, the warp externsion 1s considerably greater and
the filling contraction moderately greater when the filling yarns are initially
straight. The filling contraction 1s greater because larger changes in filling
crimp can occur when the filling 1s 1n:tially straight. Similarly, the fabric
extension in the warp direction 1s larger because (1) the initial crimp in the
warp yarns is larger for a given N; k when the filling yaras are initially straight;
{2) there 1s greater crimp interchange between the warp and filling yarns when
the filling yarns are init.ally straight.
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The effective Poisson's ratio 4, of the fabric :s plotted in Figures 15{(a)
and 15(b) a5 a function oi ivading ratio and Ny R. The values for an infinite
loading ratio arc also noted. As shown, u increases with increasing loading

ratio and decreasing N F when 7w/'7( s 10. Huwever, atg, /o = ® 4 increases

up to a maximem f g = 1 73 at NXR = 0.i59. at larger N R values y decreases
with increasing N;R. At a loading ratio of one u =0 lé - 0.32, the exact value

d:zpending on the appropriate NjR. at a lvading ratic of t=n, um @. 39 - 0. 83; and

at aa infinite loading ratio, u= 0 046 - 1.73. As 4 - cmparison o{ the data in

Figures 9 and 15 shows, when the filfing yarn is initiaiiy straight the fabric
exnibits a lower elfecive Poisson'ys ratic.

Square Fabric. Ext: nsib_!_c: Yarn (L.x_rlga_x_'_l-y Elas_hc. v =0C). o /3 =1

Fer a square. plain-yveave fabric with the came infinstely flexible yarn in
toth the warp and filling

Ny = ] = N
Chf le \l
Bip " R 7 8
s = & = &

Thereiore, the equations describing the genmetry of the fabric 'n the unloaded
state, Equations {l} - {5), reduce to the twn simpiified expressions given in
Equations {33) and {34} wuh L = L ..

a

If i* 1s further assumed that the radii of the « ircular yarns in the fabric
remain c¢onstant during the fabric extersiun and equzi to the yarn ragii prior
to loadirg, i.e., that the Poisson's rzti, - of the yarn is zern znd additionally
that the load appiied tz the fabric in the warp direc ios :s egual to the load applied
in the filling directiuvn throughout the loading 7 v le

R_ =R : K
2f ow

I s L - i

t2e 2 2

= = 3 )
2f 2w 2

N, =N =N
2f 2w 2

W i
With these assumptions. the Equations descrit.ng the geometry of the fabric in the
defroemed state, Equations {(6) - {13}, reducz t) the three expressions given below.
Equatrions {i0) and (13} are not independent expressions due to the geometric sym-
metry of the assan-3 fabric model. Equa‘ticns {6) and (7) reduce to 1dentical
expressions, Equation (46). similariv Equations {8} and {9 reduce to Equation {47}.
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* Equations (11) ané (12), to Equation (48), after substitution of Fquation (19).
Since the fabric yarns are assumed (o be linearly eiastic and the yarn exteasion
to be at constant radius, A = 0 and B - pEfA cos? 58 in Equa:ion (19}, the yarn

L,/R y

strain c.l = (L]/R - l).

] .

—— 1 - a a . 2 A
NZR _LZ/R 4-2,_, cos 5 4 si1n % (4%)

2:="L./R- 48 Vgin & - - 3
‘LZ' R -4 ;- 8in &, 4(1 - cos "Z) (47)

2 . L,/R .
= (NR - g “—— - 1 lcos & (48
7= P )pEf R cos € (\L TR jcos &, (48)

1

The fractional fabric extensions in the warp and {illing dircctions are equal,
€ T € and are given Ly either Equation (39) and (49).

Equations (33) - (34), (46) - (48) and (39) were solved for. .\'IR = 0. 240,
0.200, 0,150, 0.100, 2.050; 7 =10, 50, 100, 300, 500 lbs/inch width, R = 0. 010,
0.005 inch; 8 = 0°, 25°, 35°, and E; = 2 x 10%, ® x 10° 10 x 106, 30 x 10°
Ibs/inch®., The results of these computations are presented in Figure 16 in terms
of the dirmensionless parameters ¢, NlR and U/p(NlR) Ef ~R cos2 es.;

The extension at constant radius of a straight, linearly elastic, twisted yarn
is also given in Figure 16 as a function of the same parameters. This can be
done since 2/Nj represents the load avoplied to each yarn in the abric and, from
Equation {19}, the extension, & of a linearly elastic yarn 1s given by

P
y

c =
Yy

R E_cos %=

P :'f ’s

where P_ is the load applied to the yarn. As shown in Fisure 16, the fabric is
more easily extended than a straight yarn 1dentical to those from which the
fabric is woven. This is because the yarn axes are not pa~allel to the plane of
the fabric.

It can also be shown that for any specific load, ~, (lbs/inch width of fabric)
applied to the tzbric, the fabric extension increases withdecreasing N R values.
The smaller N} R, the fewer are the number of yarns available for supporting
the applied load and thas, the greater each yarn's share of the total load applied
to the fabric. The fabric extension also increases with decreasing yarn radius,
decreasing yarn modulus and increasing yarn twist (surface helix angle, % ).
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The effective Poisson's ratio, u, of a square fabric woven from linearly
elastic yarn is -1 when equal loade are applied in both the warp and filling
directions.

Square Fabric, Extensible Yarn (Lirearly Flastic, v - 1/2), 7w/cf = 1

The case of an 1nitially square, plain-weave fabric with the same infinitely
flexible yarn in both the warp and filling and tlte ratio of applied ioads equal to
nne, gw/of =1, was also solved assuming constant-volume yarn extension, i.e.,
with the Poisson's ratio v of the yarn equal to 1/2. This case shows the effect
on the magnitude of the fabric extension of assuming that the radii of the yarns
in the fabric remain constant during fabric extension. As for theprevious case

M TN TN
Rig= R "R
a = & = e
1 1w 1

- = L
Ly he B
L. :L. =L

2f 2w 2

- - =

8
T 2f 2w T2

N,, =N - N
\Zf 2w 2

However, for constant-volume yarn extension
P—

Ryp " Roy = Ry ° R‘/

i

LZ
With these assumptions the geometry of the fabric :n tne unlcaded state :s
given by Equations (33) .nd {34) (with L. = L;} and Equations (6) - (13) reduce to
the three expressions given below. As in the previous case, Equations (10) and
(13) are not independent expressions due to the geometric symmetry of the
assumed fabric model; Equations (6) and (7) reduce to identical expressions,
Equation (49); Equatione {8) and (9), to Equation (50), and Equations (11) and (12).
to Equation (51) after substitution of Equation (19). Since the yarn in the fabric
is assumed to be linearly elastic and the yarn externsion to be at constant volume,
A=0and B=pEA |3 sin2 8 - In sec? & [ /2tan? £_in Equation (19).
y s s s
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| (LZ/R )”?‘ (1,2/12)3’Z
—_— -|—=——5-48,|cos g -4sinp, -0 (49)
N R\L /R L(LX/R)UZ Jcos 8 2
‘_(LZ/R)3/Z )
2-|—————-48 ! sind_-4(1 - co58.):=0 (50)
L(LZ/R)UZ °zJ 2 2

5 13 ein2 98 - ln secZ 98] LZ/R )
- - N_R ( -1)cos 8, =0 (51)
PE,TR 2 > tan . L /R 2

+ Ths irzctional fabric extensions in the warp and filling directions are again
- -axt 2nd given by either Equation (39) or (40).

Eguations (33) - (34), (!9) - (51) and {39) were sclved for the same range
of values of the parameters as were used for the case of constant-radius yarn
extension. The results are presented in Figure 17 in terms of the dimension-
less parameters ¢, N:R and :/p(NlR)Ef-R g where

z 2
. }" 3 sin 98 - In sec 98 3
L > J (52)
2 tan es

The extension at constant volume of a straight, linearly elastic, twisted
yarn is also given in Figure 17. As for the previous case the fabric is more
easily extended than the yarns from which it is woven due to fabric yarn crimp

A comparison of the data in Figures 16 and 17 shows that for identical
fabrics loaded to the same level, constant-volume yarn extension results in
greater iabric elongation than constant-radius yarn extension. When NIR =
0. 050, e. = 0° and the fabric extension €, = € = 20% for constant radius yarn
extension, the fabric extension for constant volume yarn extension tc the same
load o/leR Ef-"R =0.168 is 20.8% (8 - 1 as g —~ 0°), i.e., the constant volume
fabric extension is 4% greater. Similarly when N|R = 0.059, g, = 35° and the
fabric extension ¢, = ¢; = 20% for constant radius yarn extension. the fabric
extension for constant volume yarn extension is 18% greater. When N;R = 0. 240,
8 = 0° and the fabric extension ¢, = €5 = 20% for constant radius yarn extension,
the fabric extension for constant volume yarn extension to the same load
o/pNJRE¢7R = 0. 114 is i0% greater, and similarly when N R = 0.240 and 84 = 35°
24% greater.
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YF

¥illing Yarn Initially Straight, Extensible Yarn (Linsarly Elastic, v=0), ch/cJf =]

For a plain-weave fabric with the same number of identical, infinitely flex-
ible yarns in both the warp and filling and the filling yarns initialiy straight

N N ° N
Rig* R °F
1070

Therefore, Equations (1) - (5) describing the geometry of the fabric in the un-
loaded state reduce in three simplified expressions, Equations (41) - (43) (with
L = Ljjand L = L, ) It is further assumed that the yarn radii remain con-
stant during fabric extension, R2f = R2yw = R, 2nd that equal loads are applied
in the warp and filling directions, g, = of = 7.

With these assumptions Equations (6) - (i?) describing the geometry of the
fabric in the deformed state reduce to the six expressions given below. Equa-
tion (55) is obtained by substituting Equations (8) and (9) into Zquation (10).
Equation (56) is obtained by substituting Equation (19) into Equation (11), assum-
ing a 'inearly elastic materizl and constant-radius yarn extension. Equation
(57) is obtained sirnilarly. Equation (58) is obtained by substituting E£quations (11)
and (12) into Equation (13)

L

] 2w -
—— = | —— - + i 3
szR ( R 462w )cos ng 4 sin eZw (53)
L
1 2
= [— - ! \ -
N. R ( R 48 jcos 8, -4 B, (54)
2w
L L
2w . _ 2f .
( 4R Bz\w) sin 8, ~-cosg,, “(cas g, - 1) - {7} azf)"" 8¢ (35)
I.N/R
>} = — -]
L_ /R
g . 2f .
= I\‘ -~ - 57§
PE, ™R cos® § (N, R) (LM/R t) cos gy, (57)
tan 8 tan £
S ZR - = RZf =0 (58)
2w 2t

The fractional fabric extensions in the warp and filling directions are given by
Equations {39) and (4C].
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Equations (41) - (43), (53) - (58) and Equations (39) and (40) were solved
for the same range of values of the parameters as were the previows two cases.
The results are given in Figures 16and 19.

As shown in Figures 18 and 19, the fabric load-extension curves appear to
intersect the zero-load axes at finite levels of strain The strain values at
these apparent intercepts are the same as the strains given in Figures 13 and
14 at an apvlied loading ratio of one (g /3, = 1). When infinitesimal, but equal,
ioads are applied to the fabric in the wgrp and filling directions, the fabric
deforms, elongates in the warp direction and contracts in the filling direction,
with the amount given by these intercepts. These deformations result solely
from crimp interchange. This is in contrast tc the case where the fabric is
initially square. As shown in Figure 15, for that case all the load-extension
c. rves converge at the zero-load, zero-extension point. An initially square
fabric which is assumed to be woven from inextensible yarns does not exhibit
any crimp interchange when equal loads are applied in the warp and filling
directions.

As the level of applied lnad is increased, the fabr:c elongates further in
the warp direction and extends from the contricted state in the filling direction.
The magnitude of the extension increases with increasing applied load, decreas-
ing yarn radius, decreasing yarn modulus, increasing yarn twist and decreasing
number of yarns per unit width of fabric.

£ comparison between Figure 14 for the initially square fabric and Figures
1% and !9 shows that wher: the filling yarns are initially straight the warp
extension is considerably greater at any given load level and the filling exten-
sion somewhat less.

The effective Poisson's Ratio, u, of fabric with initially straight filling
yarn is given in Figure 20 ag a function of the dimensisnless load parameter
G/p(NlR)Ef‘?R cos 53 for various NIR values. The curves have been termi-
nated at the point where the fabrics exhibit about 50% extension in the warp
direction. As shown, u is positive, i.e., the fabric contracts in the filling
direction, at small values of the loading pararneter and . decreases rapidly
with increacing values of the loading parameter; it is negative, i.e., the fabric
extends in the iilling direction, over most of *the loading parameter range. The
Poisson's ratios at the points where the various ;R curves in Figure 20 inter-
sect the zero-load axis, corresp~nd to the Poisson's ratios for fabric with
iaitially straight, inextensible filling yarn at a loading ratio of one {see Figure
15).
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Square Fabric, Exisnsible Yarn {Linearly Elastic, v = 0), ¢ /o, > 1

As previously not+d, for an initiilly square, plain-weave fabric with the
same infinitely flexible yarn in both the warp and filling, the equations describ-
ing the geometry of the fabric in the unioaded state reduce to the expressions
given in Equationa {33) and {Z:) (with L = Ll).. It is further assumed below
that the yarns from which the fabric is woven are linearly elastic and tha. .ne
4 yarn radii remain constant during fabric extension, Raf = R, = R.

With these assumptions the equations describ.ng the gecmetry of the fabric
in the deformed state, Equations (6) - (13), recduce to the six expressions given
below; Equations (8) and (9) reduce to Equation (61); Equation (11) reduces to
Equation (62) after substitution of Equation (19) with A = 0 and B = PE;Ay 0 52 8
(see Equation (20)); Equation (12) reduces to Equation {63} in a similar manaer
(see Equation (21))

LZw

1 .
——remt = [ s Y 1 a8
5 N R ( 432 ) cos 8 4 sin &, o (59}
2f
3 4
S Ay 1 8 2 . e
N, R'( R 45u)“’" Bap m A Em Fyy (50
Lw
LZw LZ! \
# (TR " %2w) 5 Bpm 7 08 9y, * (08 G- V- (G- Jein g (1)
L, /R
- - . 2]
(NziR) pE{ R cos 9a (L1/R l) cos 62{ (62)
L. /R
\f - z ——2————-—- - :\
9, * (N, B) PE R cos” 8 ( L /R /P b (63)
g tan sz I\.'z R
.4 ¥ _ ) (64)

7 g,

As for the previous cases, the fractional fabric extensions in the "¥arp and filling
directions are given by Equations {39) and {40), respectively.

Equations (33) - (34), (59) - {64) and (39) - (42) were solved for N;R = 0,240
1x 10°% 10x 108, 30x 106 lbs/square inch and various combinations of applied

loads 7, and 9¢ from 10 to 3000 }lbs/inch width of fabric. The results of these
computations are presented in Figures 21 through 27.

50

0.2C0, 0.150, 0.100, 0.050; R = 0.010, 0.005 inch; §; = 10°, 25°, 35° E; = 2x 102,
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A 1

The fabric load-extension diagrams for the warp and filling directions are
given in Figure 21 for the various N;R values and a loading ratio g, /g5 = 2
Both sete nf diagrams are piotted as a function of the load applied in the wargp
direction. Figure 22 gives similar load-extension diagrams for 'Jw/df =5 and
Figure 23, for g, /o = 10. Ali the filling load-extension diagrams are termi-
nated at the point corresponding to 50% extension in the warp direction.

The znalytical results werz examined to check that none of the solutions
gave a physically impoo.sible fabric deformation, i.e., a deformaticn tiat violated
the second and third types of limiting geometries discussed previously. L,. was
found to be less than 2(R,, - R,,.) 8¢ only over a narrow range of the loading
parameter 5/p(N|R)Ef "R cos? ¢g when NjR = 0.24 and 2, 3¢ = 10. The corre-
sponding portions of the N;R = 0. 240 curves in Figure 23 and the 3,.7% ° 1C curves
in Figures 25 and 27 are therefore dotted. Although the actual deformations must
be less than that predicted by the dotted curves, the difference is probabdbly small.

No solutions were found where contact between acdjacent warp yarns was

indicated, i.e., where 1/N, < 2ZR_ .
2w 2w

As shown in Figures 21 through 23, the fabric load-extension curies appear
to intersect the zero-load axes at finite strains. The strain values at these
apparent intercepts are the same as those given for initially square fabrics
woven from inextensible yarn at the corresponding loading ratios (see Figures
7 and 8).

As for the g, /7, = | case, the magnitude of the fabric extension in the warp
direction increases with increasing appiied load, decreasing yarn rad:us, de-
creasing yarn medulus, increasing yarn twist and decreasing number of yarns
per unit width of fabric.

‘The fabric contracts in the filling direction at low levels of applied loads,
the contraction is greater at the higher locad:ng ratios. However, the fabric
extends from the contracted state as the applied load 1s increased. The level
of load that must be applied in the warp direction to eliminate the filling contrac-
tion increases with increasing loading ratio. For a given applied load and load-
ing ratio, the magnitude of the fabric extension in the warp direction 1s consid-
erably greater than the extension (or contraction) in the filling direction; the
difference increarces with increasing loading ratio.

The fabric load-extension diagrams are replotted 1n Figures 24 and 25 as
a function of loading ratio for the largest and smallest 1alues of .\"1R As shoun
in Figure 24, for NiR = 0.050 the fabric extension in the warp ¢irecticn 1s
approximately the same for all loading ratios at low load levels and at any given
level of applied load increases with decreasing loadiny ratio, the loading ratio
gw/::i = 1 gives the greatest fabric extension. The latter evidently is the re-
sult of the greater filling extension that occurs when the load applied in the
filling direction approaches that applied in the warp direction. Increased filling
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yarn extension permits a decrease in filling varn crimp, and, coas=quently,
through the balance of the vertical componeats of the forces in the wo ortho-
gonal systems of yasns, 2 docrease in warp yarn crimp, thereby permitting
increased fabric extersion 1n the warp direction.

As shown in Figuer 25, for NyR = 0. 240 the initial! " instantaneous’’ fabric
extension in the warp directiuvn increases with increasing loading ratio. 'ow-
ever, the extensicn at the lower loading ratios increases at a faster rate with
increasing applied load. As shown, the load-extens:on curves intersect - ata
warp extension of about 21%. At load levels resultiryg .n extensions greater
than 21%, the extension is larger in the warp direction for the lower loading
ratios, as found for the N, R = 0. 050 case atall extensions ffee Figure 24). The fabric
behaviorin the filling direction for !‘JIR =0.247 is similar to that for Nl R = 0. 050,

The effective fabric Poisson's ratio, u, is givea in Figure 26 as a func-
tion of the dimensionless loading parameter :yw/o(NiR)Ef"R cos” g_ for
various loading ratios and N|R = 0. 050, and in figure 27 for N}R = 0. 240.
The curves have been terminated at a fabric warp extension of about 50%. For
a loading ratio of one, 4 = -1 at all loads. For Gw/ct 2 2 the Poisson's ratio
is positive and greater than one at small values of the lnading parameter,
decreases with increasing values of the parameter becoming negative over a
large portion of the load-parameter range; 1 increases positively with in-
creasing loading ratio. A comparisou of the curves in Figures 25 and 27
shows that s is slightly larger throughout the load-parameter range for

NIR = 0. 240 than for NIR = 0 050.

Square Fabric, Extensible Yarn {Elasto-Plastic, v = 0}, Uw/af =1

As noted in the previous case, for an initially square, plain-weave fabric
with the same infinitely flexible yarn in both the warp and filling, the equations
describing the geometry of the rabric in the unloaded state reduce to the
expressions given in Equations {33) and (34) (with L. = L;). In addition, also
as in a previous case, if constant-radius yarn extension and a loading ratio
of one, 5,,/0¢ = 1, are asrumed

RZf - RZw =R
Ly " Low 7 Iy
57 fn T8
Nag T Now T
3,° 34 79

It is further assumed that the yarns in the fabric are twisted from elasto-
plastic fibers ~ fibers which are linearly-elastic before the yield and exhibit
linear work-kardening beyond the yield.
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The equations describing the geometry of the fabric ir. the deformed state
are, therefore, Equations (65) and (66) which are identical *o Equations (45)
and (47) and Equation (67) which is derived from Eguaation (11) or (12) after
substitution of Equation (19) with A = pe*(E; - 1) A (1 - 1/2 tan? ¢_} and
B = pa AyCOl Q.. ’

! r
—_— - 48 7 (og £_ - &
N, R TL,/R- 48,7 cos £, - 4 sin &, (65)
2=fLZ/R-492_’83n 52~4(l-cos 52) (66)
L_,R

rox 2 2 2/ A R
= R - a)=R(1 - 1/2 2 )y~ & (————-l & ‘
ol N2 PLCf (Ef n) “R( /2 tan s) ) cos & LllR )_ cos &, (67)

The fabric extensions in the warp and filling diz - .cticas =re equal, €_= ¢ , and

are given by either Equation (38) or {40).

Equations (33), (34), (55) - (67) and (39) were solved for R = 0. 010, G. 005
inch; 6, = 0°, 25°, 35° E; = 1 x 10° psi with ezz 0.015 and 1 = 8 x 10% ps:,
E;=30x 106 psi with e? = 0.005 and 2 = 3 x 10° psi, and a series of values of
g from 10 to 1209 lbs/inch width of fabric. Howe-er. only those solutions
obtained which result in yielding of some port'on of the yarn cross-section are
valid. The fabric extension at loads below which this occurs is the same as
for the case of a square fabric woven from linsarly elastic yarns (.- 0, 3, /3, 1)
The combinalion of initial modulus Ef = 1 x 10% psi. yield strain c; = 0.Cl15,
and post-yield mosulus % - 8 x 104 psi approximate the properties of socme
polymeric fibers. Similarly the properties Ef = 30 x 107 psi, -:? = 0. 098 and
a = 3 x 107 pei approximate the properties of some metallic fivers. (3

The results of the computations are presented in Figures 28 and 29. (The
data given in Figure 16 was used in constructing the initial portions of the load-
extension curves.) The fabric extension increases only slightly with increasing
values of the loading parameter up to 3/p(N;R) Ef =R cos? 85 =0.012-0.017 in
one case and 0.0041 - C. 0054 in the other, but increasesg ramadly with tucreasing
values of the loading parametar beyond these poinis. This latter large increase
in fabric extension with increasing load is the result of the yarn having vieided.
A comparizon of the data given in Figures 28 and 29 to that given in Figure 1>
for a fabric woven from yarns composed of linearly elastic fi:bers that do not
yield shows that yielding results in considerably higher fabric extensions after
a certain minimum load has been exceeded.
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EXPERIMENTAL PROCEDURE

A test instrument for determining the stress-strain response of fabrics
under two-dimensional loading is not commercially available. However, sev-
eral organizations have built suitable testers of this type fcr thei: ~=n use.
The experimental results repor.ed herein were obtained with a biaxial tensile
tester built by the MRD Divisio1 of General American Transportation Corp.
under contract to the Air Force Materials Laboratory(z' 7) and loaned to FRL®
An overali photograph of the instrument is shown in Figure 30. It uses a cruci-
form test specimen (see Figure 31). Specimens with tails up to 4 inches wide
can be accommodated, giving a 4-inch by 4-inch biaxially loaded region at the
center of the specimens, the center 2-inch by 2-inch portion of which is under
uniform biaxial stress.

The tails of the test specimens are gripped in capstan-type jaws which are
free to rotate about an axis perpendicular to the plare of the test specimen to
permit shear deformations. Care was taken in mounting test specimens to
insure that the central region was not distorted and that all yarns shared the
applied loads equally. The tail length, i.e., the initial distance from the edge
of the 4-inch by 4-inch biaxially loaded region to the jaws, is approximately
5-1/2 inches.

The separate loads applied to the jaws are gathered 1o a single point by a
geries of variable-length lever arms (see Figure 30); the load is applied at
this point by a hydraulic cylinder. The ratio of the loads applied aiong the
two major axes of the cruciform is maintained constant throughout the test;
IoaZing ratios of 1:0, i:1, 2:1, 3:1, 5:1, and 10:1 can be achieved.

The total load level is increased by pumping the hydraulic cylinder
manually. For the work reported herein, total load increments of 25 {or 50 lus)
were used. Using test specimens with 4-inch wide tails and a 1:1 loading ratio,
this means load increments of about 1-1/2 to 3 ibs per inch of test specimen
w.dth. The total applied load is measured with a tensile model, 1000-1b
capacity, Dillon mechanical force gauge. The gauge was checked ir 2rn Inetron
and against a dynamometer. The agreement was within tke precision with
which readings can be made from the gauge.

The response of the fabric is recorded photographically, and the fabric
extension determined by measuring the displacement of lines previously inscribed
on the fabric (see Figure 32). A 35-mm Leica camera witha 3.5 Eimar lens and
extension tube and a very fine-grain film were used. The test specimens were
illuminated with a circular fluorescant tube through the center of which the camera
lens was focused (see Figure 30).

A 2-inch by Z-inch square was inscribed at the center of each test specimen
prior to its being mounted ir the tester. The lines were drawn on the fabric
with ink using a very fine brush. A color was used which contrasted with the
color of the fabric in an effort to insure sharp photographs. Each line followed a
single yarn.
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TESTER.

FIGURE 30. BIAXIAL TENSILE




FIGURE 3i. CRUCIFORM TEST SPECIMEN .
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FIGURE 32. BIAXIALLY STRESSED FABRIC.
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The change in dimensions of the 2-inch by 2-inch inscribed square was
measured with a steel rule after projecting the film 1n a microfilm reader.
(This gives a magnification of about 3.5X.) Two readings were taken from
each frame of the film in bnth of the principal directions. These readings
were made about one inch in from the edge of the projected square. The
distance between opposite pairs of the projected lines was measured approx-
imately to the nearest 0. 01 inch. Each pair of readings taken from each
frame of the film were averaged. They usually agreed within 0. 02 - 0,03 inch.

EXPERIMENTAL RESULTS ON MODEL FABRICS

The theoretical and experimental biaxial stress-strain response of two
monofilament screen fabrics are compared in Figures 33 through 38. The
constructions of the fabrics are given in Table 1. Both are plain weave
woven irom saran monofilaments with the same monecfilament in both the warp
and filling directions. The filament diameters given in Table 1 are the aver-
age of many measurements made with a fiber projection microscope at a
magnification of 500X.

The uniaxial tensile properties of the fabrics are given in Table 2. The
data was obtained on an Instron using one-inch wide, ravelled-strip test
specimens, a 5-inch gauge length and 0. 5-inch per minute jaw speed.

The average crimp in the filaments in both fabrics was also measured
using the fiber projection microscope. Both the warp and ifilling in the gray
saran fabric exhibit the same amount of crimp, about 2-1/2%. However, the
w. rp filaments in the undyed saran fabric exhibit about 5-1/2% crimp and
the filling 2-3/4% crimp. Additionally, as shown in Table I, both fabrics have
roughly the eame number of monofilaments per unit width in the warp and
filling directions ~ the difference is less than 21/2% of the average of the two
values. Therefore, bnth fabrics are approximately square, although the gray
saran fabric is closer to being perfectly square.

The theoretical curves in Figures 33 through 38 are for the N R values
which are the averages of the warp and filling Ny R values calculated for the
particular fabric being considered; N} R = 0. 127 for ths gray saran fabric and
0. 165 for the undyed saran fabric. The theoretical N R = 0. 125 curves given
in Figures 16, 2} and 22 were assumed insignificantly diiferent from the
theoretical curves for NIR = 0.127 and are, therefore, reproduced in Figures
33, 34, and 35, repsectively. The NjR = 0.165 curves in Figures 36, 37, and
38 were obtained by interpolating between the 0. 150 and 0.200 curves of
Figures 16, 21, and 22, respectively.
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TABLE 1

FABRIC CONSTRUCTION

Yarn Picks Ends Yarn Crimp
Diameter per per Weight (") L

Fabric {mils) Weave Inch Inch (oz/sq yd) Warp  Filling
Gray ,

12. 4 plain 21 20 6 2 2-1/2 2-1/2
Saran

e}
Undye 10.2 plain 33-1/4 31-1/2 7.6 5-1/2 2-3/4
Saran
TABLE 2
FABRIC UNIAXIAL TENSILE PROPERTIES
Rupture Elungation Rupture Load
(%) (1bs/inch width)

Fabric Warp Filling Warp Filling
Gray 18.7 9.9 58. 7 61.0
Saran
Undyed 24.0 25.9 68. 2 71,0
Saran
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For Ny R - 0.125, 8 w157, i.e., the warp and {illing yarns in the gray
saran fabric are at an angle of about 15° to the plane of the fabric at the mid-
point between yarn crossovers prior te loading. Simularly, for NyR = 0. 165,
i.e., the undyed saran fabric, 8 ®20°. The characteristic tengile moduhi
of the monofilaments from which the fabrics were woven were determined by
tensile testing filaments ravelled from the fabrics A 5-inch gauge length
and a 5-inch per minute jaw speed were used. In determining the moduli
frem the slope of the linear portion of the load-elongation diagrams, (the lecad-
extensicn diagrams of the monofilaments were approximately linear from
initiation of load to failure) the test-specimen gauge length was taken as one
plus the fractional crimp times the sum of the initial distance between jaws
plus the jaw displacement to the peint where a ioad buildup was first indicated.
This procedure gave a mndulus of 175, 600 psi for the 12.4-mil diameter
monofilaments 1n the gray saran fabric and 145, 000 psi for the 10. 2-mil
diameter monofilaments in the undyed saran fabric., These moduli values were
used in determining the appropriate value for the dimensionless loading param-
eter for each experimental point plotted.

The test instrument and experimental procedure described in the previous
section were used in determining the stress-strain response of the two fabrics
under biaxial loading. Cruciform test specimens with nominal 4-inch wide
tails were nsed. Instead of ravelling the tails exactly to a 4-i1nch width, they
were ravelled to a specific nunber of ends. Each tail of the gray saran fzbric
test specimens contained 80 ends and each tail of the undyed saran fabric test
specimens, 126 ends.

Considerable c: re was taken 1n mounting every test specimen in the jaws
to ensu.. t'_i distortion during loading 1n the central, biaxially stressed sec-
tion of the specimen would be minimized. This was particularly difficult with
the undved saran fabric because the filling was bowed. The monofilamente in
the filling of the gray saran fabric were parallel to each other and also
perpendicular to the warp yarns, throughout the fabric.

The fabrics were tested at ratios of the load applied 1n the warp direction
to the load applied in the filling direction of 1:1, 2:}, 5.1, and 1:5, Three tests
were made on both fabrics at the 1'1 ratio; two on both at the 2.1 ratio; two on
the gray satan and four un the undyed saran at 5 1; two on the gray saran and
one on the undyed saran at 1°5. The measured fabric strains are given in
Figures 33 through 38 as a functicr of the dimensionless loading parameter,

s /{N;R) Eg~R. Each point plotted is the average of the geveral tests made at
that vaiue of the loading ratio and loading parameter. The individual test
results agreed within *5% of their average.

The las: experimental points in Figuree 33 through 38, the points at the
highest strain, were recorded in most instances at the last load increment
before the test specimen failed. However, this load level cannot be consid-
ered the true breaking strength of the fabric under biaxial loading. Stress
concentrations occur where the tails join the biaxially stressed central portion
of the cruciform test specimens and cause prematnre failure.

-1

%3]




N

As shown in Figures 33 through 38, the experimentsl points are in reason-
able agreement with the theoretical curves. The difference between the pre-
dicted and measured values of warp and filling strains for the gray saran fabric
at the 1:1 loadiag ratio is small at all levels of strain - about 5% (one hundred
times the predicted strain rninus the measured strain at the same load divided
by the measured strain) in the warp direction and < 1% in the filling direction
at 10% measured strain (seec Figure 33).

At the 2-] loading ratio the difference between the predicted and measured
strains in the warp direction 1s about 2% at 9% strain. However, as shown in
Figure 34, the perceant difference becomes large at low loads. At the load level
where the measured strain in the warp direction is 1. 75%, the predicted strain
is 2.7%. As also shown in Figure 34, the difference between the predicted and
measured strains in the filling direction is considerable at all ioads; when the
measured filling strain is -0. 55%,that predicted is ~!. 5%, when the measured
strain is 4. 9%, that predicted is 3%.

At the 5:1 loading ratio the difference between the predicted and measured
strains in the warp direction is about 6% at 12% strain. However, as at the 2 ]
loading ratio, the difference becomes large at low load levels, the difference
between the mezsured and precicted strains in the {illing direction is also large
throughout the test load range.

As indicated in Figure 35, the gray saran fabric was tested at both 5:1 and
1:5 loading ratios. Approximately the same results were obtained at both load-
ing ratios, further indicating that the fabric is square.

Tae difference between the predicted and measured values of strain for the
undyed saran fabric at the 1:1 loading ratio is 17% in the warp direction and 9%
in the filling direction at 9% measured strain. As shown in Figure 36, the dif-
ference becomes less at lower loads.

Similarly, the difference between the predicted and measured strains in
the warp direction at the 2:1 loading ratio is about 22% at 10% strain. However,
the percent difference becomes larger at lower load levels (see Figure 37).
When the measured strain is 3%, that predicted is 4. 8%. Additionally, as for
the gray saran fabric, the difference between the predicted and measured strains
in the filling direction is quite large at all load levels, when the measared strain
is +1%, that predicted is -1.6%, when the measured strain is /7 that predicted
is 5.4%.

At the 5:1 loading ratio the difference between theory and experiment is
large; a difference of 32% at a warp strain of 14%. Also, as at the 2:1 loading
ratio, the difference becomes larger at lower loads and the difference in the
filling direction is large throughout the load range.

Results are also given in Figure 38 for a single test run at a 1 5 loading
ratio. As shown, these results agree reasonably weli with those at 5.1,
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The differences between the predicted and experimentally r sasured resu:its
may be attributed to the deviation of the fabric genmetries, monofilament prop-
erties and fabric deformations frorn those assumed in the analysiy. Discussion
of scme of thegze deviations follows. However, the quant-tative effect of various
possible causes of the differences is difficult to estima

The theoretical arnalysis on which the predicted fabric response is based
assumes perfectly square abrics. s noted above, the fabrics do not have
exactly the same number of picks per inch as ends per inch. However, the
differences are small and this probably does not contribuie significantly to the
variance between theory and experiment. The assumption of an initially square
fabric not only assumes the same number of yarns in both directions but also the
same degree of crimp in both sets of yaras. Although the warp and filling
monofilaments of the gray saran fabric have roughly the same crimp, the
crimp in the worp filaments of the undyed saran fabric is twice that in the filling
yarns. Tais is probably one of the reasons that agreement between theory and
experiment is no: as good with the undyed saran fabric a2 with the gray sarar
fabric.

Another pussible reasan that the experimental results obtained using the
undyed saran fabric do nct better agree with the theoreticaily predicted results
is that the filling yara in the fabric is moderately bowed. This undoubtedly
affects the response of the fabric under biaxial loading.

Examination of filaments removed from both fabrics under the microscope
reveals some perm -.eunt jlattening of the filarnents at yarn cross-overs., This
flattening is considerably more severe in the undyed saran fabric and, undoubt-
edly, also affects the response of the fabiic.

The procedure used *o arrive at a value for the tensile medulus of the
monofilaments from whnich the fabrics are woven has several shortcomings.
The menofilaments are permanently defor ~ J - crimped -~ during weaving; when
removed from the fabrics they maintain this crimped configuration. Fnurther-
micre, careful observation of the filament response during tensile tssting indi-
cates that seme filament axial extension probably takes place befcre all the
crimp is removed. As noted previously, the axial length of the test speci-
men was taken as the test gauge-length, not the shorter distance between jaws.
This results in a larger measurz2d modulus, However, if
some of the filament crimp is removed as the filament extends, the measured
modulue will be smaller than the true value; additionally, the magnitude of the
effect of the latter on the measured modulus is coasiderably larger than the
former. Therefore, the true tensile moduli of the monofilarmnents might be some-
what greater than the values used in plotting the experimental data in Figures 33
through 38. A larger value of filament modulus wculd decrease the difference
between theory and experiment in the warp direction an’ increase the difference
in the filling direction.
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CCNCLUSION

The foregoing investigation shows that the stress-strain response of
monofilament screens under two-dimensional loading can be predicted with
reasonable accuracy when the effects of yarn extension are included. How-
ever, as noted, the divergence between thieory and experiment becomes quite
large at low levels of applied load when the lcading rati> is greater than one.
This is because the load-deformation behavior of monofilament screen fabrics
at lcw to moderate loads — in the crimp-interchange region — is strongly
dependent on yarn bending rigidity, which was not considered in the analysis,
It 18 anticipated that the agreement between theory and experiment for fabrics
woven from multifilament yarns would be better because of the inherently
lower bending rigidity of multifilament yarns.

As a first step in 1ncorporating yarn rigidity into an analysis of fabrics, a
theoretical analysis of the load-deformation behavior of a twisted multifilament
crimped yarn should be developed. Such an analysis would be an extension of
the work done by Chicurel on monofilaments and Platt on twisted multi-
filament yarns. The effects of yarn twist and filament plastic flow cculd be
included Althcugh perfect translation of yarn proper s into fabric properties
is not to be expected, past experience has shown that a thorough tnderstanding
of fabric properties requires a knowledge of the influence of yarn structure and
filament properties on yarn properties.

The load-deformation bekavior of 2 fabric woven from multifilament yarn
is also influenced by yarn {latiening. Low-twist multifilament yarns will flat-
ten more easily than high-twist yarns. The ozcurrence yarn flattening during
fabric extension will result in a decrease in the slope of the fabric load-elongation
diagram.

Since the extension of a fabric is mainly dependent on the thickness, per-
pendicular to the fabric plane, of the yarns from which it is woven, the effects
of yarn flattening might be included in the load-deformation analysis of a fabric
by utilizir.g a yarn radius that is a function of the normali {orce on the yarns at
yarn crossovers, i-e,, R = R(P_ sin %3). The explicit expression for the
dependence of yarn radius on normal pressure would probably have to be
determined experimentally.

Fabric deformation is further affected by yarn twist magnitude and direction
because of the bedding (nesting) tendency at yarn intersections of the surface fila-
ments of the yarns. Such bedding serves both to increase the surface of contact
between the two yarn systems, warp and filling, and also to partially lock the
yarn intersections at their points of contact. Therefore, nesting restricts yarn
movement and may increase the slope of tie fabric load~elongation diagram.

For parallel nesting of the contact filaments at yarn crosgovers the local
Lelix angle must be approximately 45°. Although straight yarn helix angles do
r.ot usually approach 45°, the local helix angle of the yarn at yarn crossovers
can approach the required 45° due to the geometry of a bent yarn, even for
conventiona! yarn twists.
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For sophisticated fabric applications, the design engineer must be able
to wredict not only the load-deformation behavior of a fabric but also the
ultiimate strength of the fabric. That is, a rupture criteria for biaxially
stressed fabrics must be formulated. A rough approximation of the ultimate
strength, . of ¢ fabric stressed uniaxially is given by 7 = Nl cos = . P,
where N, is the number of yarns per unit width; & is the angle between the
yarn and the fabric plane at the midpoint berween yarn crossovers, and P
is the strength of the yarn. However, a rupture criteria for a biaxially
stressed fabric will undoubtedly be more complex than this.

The respsnse of biaxially stressed coated fabrics should 2lso be inves-
tigated. However, it is anucipated that 1t would be difficult toobtain quanti-
tative relationships. The response of coated fabrics i1s dependent on the
coating moduius. The presence of the coating material in the interstices
between yarns increases the fabric modulus in the lou -load region and de-
creases the fabric elongation and strength at rapture compared to the response
of the same fabric when coated.
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APPENDIX 2

EVALUATION OF GOVERNMENT-FURNISHED ¢ C\TED FABRICS

A preliminary evaluation of two typical roated tabrics used for air-
supported tents was carricd out. The fabrics supplicd by the I. S. Army
Natick Laboratories werc i vinyl-coated nylon (MIL-C - 43086) fabric and .
polyurethane-coated nylon tabric. The vinyl-coated tahrie weighs about
20-1/4 oz/8q yd and the pulyurethane-coated fabric 2-9/10 oz/8q yd. It i=
our understanding that these two fabrics represent approximately the extrena s
in fabric weight and strerngth currenrly of interest :or air-supported tent apti-
cations,

The uniaxial tensile properties of the fabrics in no'h the warp and filling
directions are given in Table 1. Test specimens dink.d one inch by six incl.. ¢
were used. The specimens were tested in an Instron nsing three-inch veide
flat jaws lined with masking tape, a 3-inch gauge length and 2-inch/min j.a
speed. As the data in Table 1 shows, the 20~1/4 oz/-q yd fabric is consid. . hly
stronger than the 2-9/10 vz/8q yéd fabric and exhibits about 25% less elanpation
to rupture in both the warp and filling directions.

Efforts were made to determine the biaxial load-extension response of hoth
fabrics using the biaxial tester and procedurcs described in Appendix
1. . However, since the filling yarn in both tabrics is bowed, this was an
impossible task. The ex'ent of the yarn bow in the 20-1/4 0z/sq yd fabric is so
severe that when cruciform test specimens are cut, there are no through-gning
yarns, i.e., none of the same yarns can be gripped in opposite jaws.

Cruciform test specimens were also prepared from the 20-1/4 oz/6q yd
fabric by cutting the tails parallel to the yarns in the fabric. However, when
these samples were mounted in the tester, the central section became so dis-
torted, it was decided that any test results that might be obtained would be
meaningless. All efforts to eliminate fabric distortion inthe center section
were unsuccessful.

Although the filling yarn in the 2-9/10 oz/8sq yd fabric is also bowed, the
bowing is not as severe as in the 20-1/4 0z/sq yd fabric and biaxial tensile-
test results were obtained. The fabric was tested under ratios of loading in
the two orthogonal directions of 1:1, 2:1, (i.e., the load applied in the warp
direction was twice that applied in the filling direction throughout the test),
5:1 and 1:5. Three tests were made at the 1:1 loading; two at 2:1; two at 5:1;
and one at 1:5. The results of these tests are presented graphically in
Figures 1 through 3. The results from the uniaxial tests are also presented
graphically for comparison in Figure 4. The load-elongation diagrams given
in these Figures are the average of the test results obtained at each loading
ratio.
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TABLE |

COATED FABRIC' UNIAXIAL TENSILE PROPERTIES

Rupture Elongation

Material Warp 2 f_T_n_ng'
Vinyl-Coated Nylon 28. 8 29 6
24. 9 27,7
25.7 29. 9%
26.9 31 9
29.6 29. 8
50.9
—_— .2_§.7..3.
Average 27.1 29. 7
Polyurethane-Coatea Nylon 34.3 7 44.1
36.8 47. 6
41.‘4 45.9
39.1 40.9
37.1 4]. 3%
— 43.4
Average 37.7 43.8

*Jaw break.
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Rupture l.oad
_{tbs/inch w:dthy

Warp
430
392
395
410

435

414

59.5
59.5
62.0
60. 8

60. 4

60. 4

JEilling
18~

3t

(P
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An effort was made to take the test specimen- "¢ r.u".re  Hovever, die
to the high extensibility of the fabric in the filling dir. '.on, in two of the three
tests run at the l:1 loading ratio and the one test r.n a* ' 5. the :av+ reached
their maximum extension before the test specimens fa.lc.d  In ast *he other
tests the specimens failed, one tail breaking oft siuddenly and completely, with
the exception of the one specimen that failed at the 1 | load.ng ratiu where
two tails broke at the same time,

In a biaxial tensile test using crucitform-shaped t« ~t specimern- rupture
usually occurs in the tails immediately adjacent to the biaxially stressed
central section of the test sapecimen. As pcinted out in *he preious secton
such tests therefore do not necessarily give a good ind:cation ot the *rue rabri
strength under biaxial loading. The stress concerirart,0:5 that oc ar at the
corners where the tails join the biaxially stres-ed portion of the *¢st spe.imen
can result in premature failure of the specimen

However, when testing the polyurethane-cocated nylon 1abric 1t 1s in*erest-
ing to compare the maximum loads observed before failire a* *he varions lnad-
ing ratios to each other and to the strength of the fabric inder .imax.ial loadirg
As shown in Figures 1-3, the maximum measured load in the warp dired tion
under 1 1 biaxial loading is roughly 50% of the uniax.al break.ag strength o1 the
fabric in the warp direction. However, this maximum load increases with in-
creasing biaxial loading ratio. At 5:1 the maximum load is aboar 80% o1 the
aniaxial fabric strength. The maximum measuared load in the filliag dire.:.on
under 1:1 biaxial loading is about 70% of the uniaxiai breaking s°rergth o1 the
fabric in the filling direction and this maximum load de<reases with increasing
biaxial loading ratio. At 5:1 the maximum load is about 50% of *he tabri.
strength uniaxially.

As shown in Figure 3, the response of the 2-9/10 0z/sq yd coated fabr.- a*
a lcading ratio of 5:1 is considerably different from that measured a¢ 1.5 This
indicates that the construction of the fabric is far from square.

The various test results reported above further derronstrate that the per-
formance specifications of the new biaxial tester to be designed and bailt under
this program are more than adequate. They also indicate that the coated fab-
rics currently used in air-supported tents would probably exhibit improved
performance if the filling yarns in the fabric were straight and perpendicular
to the warp yarns rather than bowed. Since such fabrics could be more
meaningfully tested, structures fabricated from them would be more ameanable
to accurate design procedures. .
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